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ABSTRACT 	
Continuum electrostatics analysis of the Kok cycle of Photosystem 
II 
 
by 
 
Witold Szejgis 
 
Advisor: Marilyn Gunner 
 
The Kok cycle is catalytic process by which the oxygen-evolving complex (OEC) of 
photosystem II (PSII) oxidizes two water molecules forming oxygen. Four OEC 
oxidation states (S0 to S3) in the Kok cycle precede the final product formation in the S4 
state. Here a semi-empirical classical electrostatics analysis is applied to S0 to S3 states of 
the OEC is used to estimate the electrochemical midpoints for each S-state transition and 
the proton loss coupled to oxidation.  To account for geometrical rearrangement within 
the cluster during Kok cycle optimized QM/MM geometries are used for each S state. To 
obtain the electrochemical midpoint potentials for each transition, the obtained results for 
consecutive states are averaged using LRA methodology. Protonation state changes 
between S-states are determined as a function of pH. The role of tyrosine Z (Yz) 
oxidation is investigated. Light absorption by P680, followed by its oxidation, initiates the 
overall PSII reaction.  Prior to each S state transition Yz is oxidized by P680+, leaving 
His190+Yz•. The manner in which His190+Yz• shifts the OEC redox potential and proton 
release is determined in the S0 to S3 states. 
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Introduction to photosynthesis   
		 2	
 
 
 
Introduction 
Process of Photosynthesis  
Photosynthesis is one of the most important biochemical processes. It provides necessary 
resources needed for our planet to host life: oxygen, the terminal electron acceptor energy 
production in aerobic organisms, and carbohydrates, the foundation of the global food 
chain. Energy in photosynthesis comes from absorbed solar radiation. The overall process 
requires coupled electron and proton transfers to generate a proton gradient across 
thylakoid membrane, which thus creates a transmembrane electrochemical potential that 
drives production of ATP. Another important product is the reduced product NADPH, 
which is then used in carbohydrate production.   
 
Photosynthesis takes place in a thylakoid membrane in chloroplast. It consists of two 
parts: the light reaction which produces ATP and dark reaction which uses produced ATP 
and NADPH that comes from PSI to create carbohydrates. The Light reaction of 
photosynthesis starts with photo-excitation in antenna complex of Photosystem II (PSII).  
PSII builds up proton gradient between inner (lumen) and outer (stroma) side of 
membrane by water splitting. It also converts plastoquinone (PQ) into plastoquinol 
(PQH2).  Cytochrome b6f complex uses the mechanism called the Q cycle to oxidize 
PQH2 and discharge its protons on inner side of a membrane and load protons on PQ 
located on outer side. This process leads to the proton gradient; in the same reaction, the 
plastocyanin (Pc) copper center is reduced. Another light induced excitation occurs in 
photosystem I (PSI) where photon excites P700. The final product of reduced ferredoxin. 
		 3	
Pc is used to reduce the oxidized P700+. ATP synthase then uses energy of the proton 
gradient built up by PSII and the b6f complex, allowing protons to move down the 
gradient to produce ATP. The structures of the proteins that carry the light reactions of 
photosynthesis is presented on figure 1.  PSII, b6f and PSI all have redox cofactors which 
are oxidized, often releasing protons on the lumen sided.  The electrons are passed 
through the protein to reduce redox cofactors near the stroma often requiring proton 
uptake. [1, 2]  This vectorial electron transfer produces a proton gradient without moving 
protons through the proteins.   
 
 
Figure 1 Interactions between thylakoid membrane proteins in light reaction of 
photosynthesis. 
Structure and function of PSII   
The PSII protein is found in both in plant chloroplasts and cyanobacterial cells. In vivo it 
exists as a dimer. Each monomer consists of 19-31 subunits depending on species. In 
higher plants and green algae there are at least 3 soluble subunits: the 33 kDa PsbO, 23 
kDa PsbP, and 16 kDa PspQ whose role is to protect the OEC.  These domains may also 
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play a role in proton transfer. The core of reaction center RC includes D1, D2, CP43, 
CP47, and cytb559 subunits.  The core is highly conserved among different organisms [1].  
 The crystal structure used in this study (pdb ID 3ARC) is from 
Thermosynechococcus vulcanus.  It is 350kDa and consist of 20 subunits. In addition to 
the protein subunits, it contains 35 chlorophylls, two pheophytins, 11 β-carotenes, more 
than 20 lipids, two plastoquinones, two haems, one non-haem iron, four manganese 
atoms, three or four calcium ions (one of which is in the OEC Mn4Ca cluster), three Cl- 
ions (two of which are in the proximity of the Mn4Ca cluster), one bicarbonate ion, more 
than 15 detergent molecules and more than 1300 water molecules in a monomer[3]. 
Define OEC in this paragraph to say what the OEC is an abbreviation for. 
 
The reaction sequence in photosystem II starts with the absorption of a photon of light by 
an antenna complex.  The energy is then passed to the P680 cofactor, which is a loosely 
coupled chlorophyll dimer, creating an exciton -- an electron and hole pair. The low 
potential, excited electron reduces the nearby pheophytin and then passes sequentially 
through two quinones QA and QB.  After two cycles the fully reduce QBH2 is released to 
the quinone pool in the membrane to be reoxidized in cytochrome b6f. On the luminal 
sited the hole in P680+ is filled by an electron coming from the Oxygen Evolving Complex 
(OEC). Tyrosine Z (Yz) is a link in an electron transfer chain between the OEC and P680. 
[1, 2] 
 
The overall reaction of PSII is sum of equations 1a and 1b. On the luminal side it 
converts 2 waters into one oxygen molecule. Energy needed for this process (E0=1.23V) 
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come from 4 photons. During the process 4 protons are released into the lumen, 4 other 
protons are absorbed by 2PQ to create 2PQH2 on the stroma side. Four electrons go 
through electron transfer chain traveling from P680 to PQ. The proton gradient is built up 
by total 8 protons another 4 would be add up to this number in cytochrome b6f complex 
where 2PQH2 would discharge its protons into lumen side. [1] 
2H2O+4hν →4e−+O2 +4H+ (1a) 
2PQ+4e−+4H+stroma →2PQH2 (1b) 
 
 
 
 
Figure 2  Electron transport pathway in PSII and main protein subunits of PSII:(left ) 
Excited electron goes from P680 to pheophytin (1), transfers to QA (4) and then is 
transported to QB (4) on which it leaves protein. The hole which was produced during 
excitation is filled with electrons from the OEC cluster (5) through YZ (3) to P680. (righ) 
blue- psbB CP47, red – psbA (D1), violet- psbD (D2), yellow- psbC, orange- psbO, 
white- psbU, till psbP. 
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Oxygen evolving complex 
The oxygen-evolving complex (OEC) is heart of photosystem II. It allows water, a 
universal biological solvent, to provide electrons to fill the electron hole in P680 and be 
passed on through though the photosynthetic electron transfer chain to NADH. The OEC 
has an Mn4O5Ca inorganic core consisting of a cubane-like structure containing of 3 
high-valent Mn and calcium connected to the so called “dangler manganese” through µ-
oxo bridges (figure 2B). There are 4 ligand water molecules two of which are ligated with 
Mn4 atom (W1, W2) the other two with Ca2+ ion (W3, W4). The first shell of amino acid 
ligands consists of D1-D170, D189, H332, E333, D342, A344 and CP43-E354. Other 
amino acids that are connected to the cluster by a hydrogen bond network are D1-H337 
and CP43-R357 which are connected to the µ-oxo bridges and D1-D61 hydrogen bonded 
to W1. 
 
The OEC is sequentially oxidized by P680 going through 4 S different OEC redox states 
(S0 to S3) followed by the formation of O2 in S4 called the Kok cycle. Each redox step in 
the Kok cycles has a more oxidized OEC [4]. Change of Mn redox states excluding S1 to 
S2 transition is accompanied by proton release. [5]  
 
Each S cycle transition is initiated by the flash excitation of P680, which pulls one electron 
from the OEC causing oxidation of one Mn center. EPR and XANES experiments on the 
flash-induced PSII suggested following set of Mn center redox states: (Mn(II), Mn(III), 
Mn(IV)2) or (Mn(III)3, Mn(IV)) in S0; S1 is (Mn(III)2, Mn(IV)2); S2 is (Mn(III), 
Mn(IV)3); S3 is [Mn(IV)4]. [6]  
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During S state transition the OEC complex changes geometry, which allows the Kok 
cycle to be investigated using methods which allow estimates of the distances between 
Mn and O in µ-oxo bridges.  EXAFS experiment look specifically at the Mn-Mn 
distances and many studies of the OEC have used this technique [7].    
 
Different S states of the OEC cluster have different total spin quantum number S which 
makes EPR spectrometry a good method to follow the reaction. The total spin of the 
S1state is S=0, two spin isomers of S2 have been identified, one called the multiline state 
with gyromagnetic ratio g=2.0 and spin S=1/2.  The other signal is called broad with 
g=4.1 and S=5/2. S3 has S=3 whale S0 has spin S=1/2. Amongst two spin isomers of S2 
g=2.0 dominates at room temperature and physiological pH in higher plants [8].    
 
The ideal method would be X-ray crystallography so that the OEC and protein could be 
seen together. Early studies were not at high enough resolution to see the OEC clearly.  In 
addition, X-ray sources causes radiation damage which changes the structure of the OEC 
so that we can’t resolve the structure of OEC using standard X-ray crystallography 
procedures. One of novel techniques which has been used is femtosecond X-ray 
crystallography which gives us the structure before the radiation damage. [1, 6] Given 
imperfect information better progress is being made combining the information from 
femtosecond crystallography, EXAFS for more precise Mn distances within the cluster 
and computer simulations techniques such as DFT and QM/MM.   
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Figure 3 First and second shell ligands of OEC  
  
Figure 4 Kok cycle and corresponding states of Mn centers 
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The extended Kok cycle  
Water splitting requires accumulation of 4 holes together with the release of 4 protons. 
Redox leveling of the process relies on an electron and proton being lost on each S state 
(with the possible exception of the formation of S2) to keep charge from building up and 
to the higher S states from requiring too a high potential for their formation.  An open 
question is whether the proton or electron leaves the OEC complex first.  S0 is the most 
oxidized OEC state which has a proton on a µ-oxo bridge.  Thus, formation of states that 
are more oxidized than S1 the proton must be lost from the terminal waters or from a 
group near the OEC.  The identity of the proton donor in each step is an open question. 
The laboratory of Holger Dau was able to time resolve the electron and proton losses 
spectroscopically [9],and so subdivided the Kok cycle into 8 states labeled Ii. This 
scheme tries to explain different kinetic isotope dependencies of the rates and pH 
sensitivity of each step by decoupling proton and electron transfer. It incorporates the 
lack of proton release between S1 to S2 it also assumes that S2 to S3 redox transition is 
preceded by proton release. The role of YZ is described as electrostatic promoter which 
can electrostatically cause pKa shifts that facilitate proton release. [9]  Thus, the proton 
release that occurs in response to YZ oxidation may be different place than the final 
proton distribution in the new S state. It was found that in S0 to S1 and S1 to S2 transition 
electron is released first whereas in S2 to S3 and S3 to S0 turnover proton gets released 
first. 
Proton release channels 
Upon oxidation of the redox active sites in the protein the excess of positive charge tends 
to be balanced by deprotonation of active residues in the vicinity.  In the case of a large 
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membrane protein like PSII proton escape channels are necessary to let the protons leave 
to the correct side of the membrane. Three main channels have been identified leading 
from PSBO to the lumen side of the membrane called the narrow, broad and large 
channels .[10] 
Debus and coworkers examined kinetic and FTIR signal changes caused by mutation of 
residues located in vicinity of escape channels.  The main residues considered were 
K317, E65, E312, and D61 (broad channel) and E329 (large channel). It was found that 
mutation of this residues highly alter hydrogen bond network and kinetics of S3 to S0 
turnover. 
Broad channel is considered a main proton release channel for OEC although possible 
role of E329 which is part of large channel have been discussed.[11]. 
 
Figure 5 Main proton channels around OEC cluster water channel water residues 
represented by spheres with colors corresponding to channel they belong to (orange-
narrow, yellow broad, red large). 
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Theoretical models of oxygen evolution 
Many theoretical studies have been performed to answer questions for which 
experimental techniques have not provided the answer. One of them is structure of OEC 
in states S other than S1 other is protonation states of residues around OEC and their 
response to changes during Kok cycle.  Siegbahn lab was studding extensively geometry 
of different S states and possible mechanisms of oxygen bond formation using QM based 
methods giving rise to one of the main considered mechanism of oxygen bond formation. 
QM models and continuum electrostatics models have been used by Knapp to identify 
protonation states of residues in the vicinity of OEC cluster and energetics of possible 
proton exit pathway, it was shown that states of W2, H337, O5 can vary depending on 
used parameters and broad channel is main proton exit channel [11].  
In this work, we will use structures provided from prof. Victor Batista lab where series of 
studies considering all S states, ammonia binding mechanisms effect of Ca –Sr 
substitution have been performed. 
It is important to note that there is no consensus about both geometry and protonation 
states of OEC cluster and even identification of oxidation states of each S state. 
 
Mechanism of oxygen bound formation 
One of major current questions in PSII community is mechanism of oxygen bond 
formation and identity of substrate water residues which creates oxygen. This paragraph 
would review current theories concerning those topics. 
Investigations of isotopically labeled water exchange with the OEC identified binding 
sites for the two substrate waters with different exchange rates: Wslow and Wfast [12-14] 
		 12	
Experiments with Ca/Sr substitution and FTIR S1-S2 spectra comparison helped to 
associate Wslow with Mn-O-Ca bridge[ref].  EDNMR studies together with ammonia 
binding and Sr/Ca replacement strongly suggested O5 as slowly exchanging binding site 
[14]Two major considered mechanisms of oxygen bond formation are Mn+4 oxyl 
mechanism proposed by Siegbahn [15, 16] and containing Mn+5 –oxo center proposed by 
Brudivg [17, 18] and Pocararo[19].  
Identity of the substrate water is also subject of debate two main hypothesis are 
considered. In first water W2 is involved in oxygen formation it place is taken by water 
W1 and the space of water one by water coming from narrow channel this model is so 
called “carousel mechanism” [16]. In second W3 is involved and its place is taken by 
another water molecule from large channel.  
 
Tyrosine Z 
The role of redox active tyrosines was discovered by some of the earliest studies using 
EPR spectroscopy on biological samples. In 1956 B. Commonner performed EPR 
experiments on tobacco plant suspension. Two signals were detected. The first one was 
formed right after exposing the sample to light and was later attributed to the P700 center 
of photosystem I. The second signal (IID) could be detected a long time after moving the 
sample to the dark and now it is attributed to tyrosine D [20]. Purification of photosystem 
II allowed for more precise experiments and showed three signals inside PSII. The first 
observed before IID, the second signal with fast kinetics IIfast decaying in milliseconds-
seconds time regime, the third IIvery fast was almost impossible to study at room 
temperature because of its extremely short lifetime. Later on, iodination experiment 
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showed that all components of signal II arise from tyrosine radical species – IID from 
tyrosine D , IIfast and IIvery fast from tyrosine Z [21]. Further studies on site directed 
mutagenesis have proven that idea.[22]  
The first obtained molecular crystal structure showed that both tyrosine D and Z are 
found in symmetric related positions on the D2 and D1 peptides.  Each is hydrogen 
bonded with a neighboring histidine residue [23]. Upon oxidation of YZ (Y161), the 
hydroxyl proton is transferred to the coupled H190 instead of being released to luminal 
bulk [24].  In recent 1.95 Å structure (PDB ID 3ARC) [25] the distance between H190 
and  YZ is 2.49 Å. There are also two waters located within 3Å distance of YZ: one of 
them is a water ligand Ca2+. Kinetics of YZ oxidation is highly pH dependent. Lowering 
the pH below the pKa of H190, between 4.1 and 5.3 [26-31], causes slowdown of the 
reaction from nanosecond to microsecond[22]. Tyrosine Z as a very oxidizing species 
with an oxidation potential Em >900-1000 mV [9, 32] so it can reduce P680+ which has a 
potential near 1200 mV The redox potential value of each S state should be lower than 
this value.[22] 
 
While there are many important open questions remaining, the work presented here will 
focus on steps preceding oxygen bond formation (S0 to S3). The role of residues around    
the OEC, the cluster midpoint potentials, proton release from the protein into the lumen 
and the effect of oxidation of tyrosine Z and pH on the OEC cluster changes in Kok cycle 
will be considered.  
 
Methods 
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MCCE method 
MCCE is a computer program which combines continuum electrostatics (CE) and 
molecular mechanics (MM) together with Monte-Carlo (MC) sampling to estimate the in 
situ proton affinity (pKa) of amino acids and electron affinity (Em) of redox groups. It has 
been developed in the Gunner laboratory at the City College of New York. Workflow of 
the simulation consists of four steps [33]:  
• Preparing the protein – Residue names are modified to fit the MCCE 
naming convention. In addition, MCCE completes missing side chains. Some of 
groups are separated to different residues so they can titrate independently eg. the 
propionic acids on hemes. 
• Building multiconformer model – MCCE divides the protein into a static 
backbone and flexible side chains. Next MCCE generates rotamers for each 
residue by rotating bonds defined in topology file by 60° degrees increments 
(default). Small molecules bound in protein cavities such as water can be given 
additional translational and rotational degrees of freedom. Next Lennard-Jones 
(LJ) energy is calculated for interaction with backbone and within rotamers. 
Those with energy more than 10 kcal/mol higher than lowest rotamer energy are 
removed. Next protons are added to existing rotamers and ionization states are 
defined.  Each choice of position and charge state is called a conformer.  
Conformers with attached hydroxyls go through additional relaxation and 
hydroxyl optimization step. At the end the number of rotamers is reduced by 
rotamer pruning and conformer clustering which searches for and removes 
conformers with similar interactions. 
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• Calculation of the energy look-up table - In order to perform Monte-Carlo 
(MC) calculation MCCE needs to calculate solvation and torsion self-energies for 
each conformer as well as   electrostatic and Lenard Jones (LJ) pairwise 
interactions between conformers. The energy look-up table will be used to 
evaluate the energy of each microstate, which consist of one defined conformer 
for each residue. The electrostatic potential is obtained with the DelPhi Poisson-
Boltzmann solver. For each conformer we perform two DelPhi runs, which differ 
in their dielectric boundary. In the first calculation for a given conformer the 
charges and radii of all other conformers of the same residue are set to 0 and the 
protein dielectric boundary is drawn around the first conformer of all other 
residues. This calculation is called single conformer boundary and is used to 
evaluate solvation energy ∆∆𝐺#$%,' of chosen residue Ai and its pairwise energy 
with first conformer B1 of each residue ∆𝐺()*+,- . In the second multiconformer 
boundary calculation the dielectric boundary contains all possible conformers and 
gives raw multiconformation pairwise interactions ∆𝐺()*./ . The final value of the 
interaction energy between of our conformer and other residues conformers is 
given by: 
∆𝐺()*.0 = 𝑚𝑖𝑛 ∆𝐺()*./ ∆𝐺()*+,- ∆𝐺()*+/ , ∆𝐺*.()/ ∆𝐺*+(),- ∆𝐺*+()/  
The effect of these corrections on the calculations of the strong interactions within the 
OEC are being investigated.  
 The calculations use PARSE [34] charges for amino acids. 150 mM salt, a 1.4Å 
probe radius to determine the boundary of the protein.  The internal dielectric 
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constant is 4 while that of the water is 80.  The Amber force field is used for non-
electrostatic van der walls and torsion energy terms.   
• Monte Carlo sampling of conformers at each pH and Eh: This generates 
Boltzmann distribution of states using Monte Carlo metropolis algorithm. The 
energy of each microstate is given by: 
∆𝐺$ = 𝛿$,6	 2.3𝑚'	𝑘<𝑇 𝑝𝐻 − 𝑝𝐾BCD,' + 𝑛'𝐹 𝐸H − 𝐸I	BCD,'/'JK + ∆∆𝐺#$%,' + 𝐺<L<,'0, + 𝐺<L<,'	MN + ∆𝐺OC#B'C%,' + ∆∆𝐺-(-,'
+ 𝛿$,6	[𝐺'6	0, + 𝐺'6	MN]/6J'RK  
Where M is total number of conformers, 𝑝𝐾BCD,' , 𝐸I	BCD,'are the reference solutions 
of residue i, 𝑚'	is -1 for acids and 1 for bases, ∆∆𝐺#$%,' is reaction field energy, 𝐺<L<,'0,  and 𝐺<L<,'	MN is the electrostatic and LJ interaction with backbone, ∆𝐺OC#B'C%,' is 
self-torsion energy, ∆∆𝐺-(-,' is energy term which describes LJ interaction with 
implicit solvent.  
 
The Monte-Carlo analysis consists of 6 independent MC sampling cycles at each 
pH or Eh. Each cycle combines stages of annealing, initial sampling, conformer 
reduction, and equilibrium sampling.  Each stage includes number of steps in 
which random residue’s conformer is changed.[33]  
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Application of MCCE model to PSII 
MCCE calculations of the OEC has strengths and weaknesses.  One advantage is that the 
analysis is much quicker than QM/MM or MD techniques.  In addition thanks to MC 
sampling MCCE is able to make simulations in different values of pH and Em, keeping 
the redox and protonation states in equilibrium.  In contrast, QM/MM or MD methods 
must fix the protonation and redox states. Flexibility of Monte Carlo method and 
modifying structure together with the efficiency of the calculations should allow us to 
build model in iterative way by modification of previous calculations.  
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Abstract. The oxygen-evolving complex (OEC) of photosystem II (PSII) is a unique 
Mn4O5Ca cluster that catalyzes water oxidation via four photoactivated electron transfer 
steps. As the protein influence on the redox and protonation chemistry of the OEC remains 
an open question, we present a classical valence model of the OEC that allows the redox 
state of each Mn and the protonation state of bridging µ-oxos and terminal waters to remain 
in equilibrium with the PSII protein throughout the redox cycle. We find that the last 
bridging oxygen loses its proton during the transition from S0 to S1. Two possible S2 states 
are found depending on the OEC geometry: S2 has Mn4(IV) with a proton lost from a 
terminal water (W1) trapped by the nearby D1-D61 if O5 is closer to Mn4, or Mn1(IV), 
with partial deprotonation of D1-H337 and D1-E329 if O5 is closer to Mn1. In S3, the OEC 
is Mn4(IV) with W2 deprotonated. The estimated OEC Em’s range from +0.7 to +1.3 V, 
enabling oxidation by P680+, the primary electron donor in PSII. In chloride-depleted PSII, 
the proton release increases during the S1 to S2 transition, leaving the OEC unable to 
properly advance through the water-splitting cycle. 
 
Introduction 
Electron transfer reactions sit at the heart of photosynthesis. Photosystem II (PSII) harvests 
sunlight, initiating the process that stores solar energy in stable chemical bonds and sustains 
life on Earth.[25-28] This protein is a large ~350 kDa multi-subunit complex embedded in 
the thylakoid membranes of green plant chloroplasts and the internal membranes of 
cyanobacteria.[29, 30] The oxygen-evolving complex (OEC) within PSII accumulates the 
four required oxidizing equivalents at a sufficiently high potential to oxidize water to O2 at 
room temperature and physiological pH using the earth abundant element Mn.[26, 31, 32] 
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The core of the OEC is a Mn4O5Ca cluster bound on the lumenal side of PSII. With the 
advent of high resolution structures it has become possible to see the cluster and 
surrounding protein with increasing fidelity.[33, 34] The protein contributes ligands that 
help control the cluster geometry, modifies the redox potential at each step, and perhaps 
provides a source of protons to be lost as the OEC is oxidized. However, the relative 
importance of the internal cluster geometry, the terminal water ligands of the OEC and the 
surrounding protein in controlling the thermodynamics and kinetics of the cluster has yet 
to be established. 
Much of the understanding of how the protein environment controls electron transfer rates 
comes from the pioneering work of John Miller and Marshall Newton. They showed the 
importance of the reaction driving force and reorganization energy, as well as the role of 
the distance and nature of the intervening medium in determining the reaction rates.[35-
38] They also pioneered the analysis of electron transfer in proteins as well as smaller 
systems.[39, 40] The protein environment controls the separation of the electron donor and 
acceptor, and the nature of the intervening medium. The protein also modulates the Franck–
Condon (FC) factors by tuning the free energy via modifying the long-range electrostatic 
potential[41] or by changing the direct ligands to the reactants.[42] The protein controls 
the reorganization energy by separating the reaction from water, by coupling proton and 
electron transfers, and through conformational changes that relax and stabilize the product 
states within the protein.[43]. In photosynthetic proteins, burial of the cofactors lowers the 
reorganization energy leading to faster rates at lower driving forces and reactions that can 
proceed rapidly and at low temperature [44]. Multi-electron reactions are also characterized 
by the use of a single electron acceptor or donor.[45] For example the OEC is oxidized 
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four times by a unique tyrosine, YZ, to oxidize water. This requires redox leveling to 
maintain a favorable driving force for the tyrosine to oxidize the increasingly oxidized Mn 
cluster, which is largely achieved through coupling the loss of electrons and protons. 
Light absorption by PSII initiates a sequence of electron transfers across the membrane, 
yielding a photooxidized pair of chlorophyll a, P680+, near the lumen and a reduced 
plastoquinone near the stromal side of the membrane.[27, 46, 47] The OEC reduces P680+ 
via a redox-active tyrosine, YZ. In the catalytic cycle, four excitations of P680 will 
sequentially oxidize the OEC, generating five intermediate oxidation states called S states. 
S0 is the most reduced while S4 is the most oxidized state. On oxidation of the S3 state, the 
OEC extracts four electrons from two substrate water molecules to form molecular oxygen, 
rapidly regenerating S0.[25-28, 48, 49] 
As the OEC is oxidized, protons are lost to the lumen to keep a large positive charge from 
building up in the vicinity. However, it is an open question as to whether these protons 
come directly from bridging oxygens, substrate waters, or amino acids in the surrounding 
protein environment. The experimental proton release pattern, moving through the four S-
state transitions (S0 to S1, S1 to S2, S2 to S3, and S3-[S4]-S0) was initially reported as 1, 0, 
1, 2.[50-53] More recent studies show a more realistic non-integer loss of 0.9, 0.25, 1.05 
and 1.55 (±0.1)[54] which remains smallest in the S1 to S2 transition. An integer number 
of protons released indicates that the group pKa shifts from well above the pH in one state 
to well below it in the subsequent state,[55, 56] while smaller pKa shifts lead to fractional 
proton loss to the lumen. Although keeping positive charge near the OEC will destabilize 
cluster oxidation, some build up of positive charge near the Mn cluster through the S-state 
cycle is suggested by Fourier Transform Infrared (FTIR) spectroscopy.[57] FTIR studies 
		 24	
suggest that a proton may move into a cluster of water near the OEC prior to release to the 
lumen.[58, 59] 
Studies of Mn model complexes show that the pKa of bridging oxygens and terminal waters 
can shift down by as much as 10 pH units as each Mn is oxidized, making the cluster itself 
a likely source of the protons lost when the OEC is oxidized.[55, 60-63] Furthermore, 
Extended X-ray Absorption Fine Structure (EXAFS) measurements show changes in the 
electronic structure and OEC geometry during the S0 to S1 and S2 to S3 transitions.[64] In 
contrast, there are no major structural changes in the transition from the S1 to the S2 state, 
which may help explain the lack of proton release in this transition.[65, 66]  
To investigate the source of protons released during the catalytic cycle, we must first 
determine the possible protonated sites of the OEC and surrounding protein residues. The 
Mn4O5Ca inorganic core of the OEC has a cubane-like structure formed by three high-
valent manganese centers and a calcium connected to the fourth so-called ‘dangler 
manganese’ through µ-oxo bridges (Figure 6).[33, 67-76] The OEC has been studied 
extensively using density functional theory (DFT) and quantum mechanics/molecular 
mechanics (QM/MM) models to explore changes in the cluster geometry and energy during 
the S-state cycle.[77] The QM/MM calculations have been tested for their ability to 
reproduce the available experimental EXAFS data.[78-80] Studies of various S states have 
been reported using computational models, including structures for S-1,[81] S0,[80] S1,[79] 
S2[82-84] [85] and more oxidized states.[78, 82, 83, 86] 
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Figure 6 The Mn4O5Ca cluster and surrounding amino acids: D170 is a ligand to Mn4 
and/or Ca2+; E189 and H332 are ligands to Mn1; D342 bridges Mn1 and Mn2; and E354 
bridges Mn2 and Mn3. The C-terminus of A344 connects Mn2 and Ca2+; E333 connects 
Mn3 and Mn4. In addition, Mn4 and Ca2+ each have 2 water ligands. The hydrogen 
bonds from CP43-R357 to O2, H337 to O3, and D61 to W1 are shown. O1 and O4 make 
hydrogen bonds to waters in the crystal structure that are replaced with implicit solvent 
here. Darker lines show ligands above the plane, while grey lines are below. The 
Boltzmann distribution is obtained with allowed cluster microstates having each Mn 
(Mn1-Mn4) in the Mn(III) or Mn(IV) oxidation state, each bridging oxygen (O1-O5) in 
the OH- or O2- state and each water (W1-W4) as either H2O or OH- to be subjected to 
Monte Carlo sampling. Changes in charge state and position of other amino acids in the 
protein including those that hydrogen bond to the bridging oxygens and terminal waters 
are also included in the analysis. 
With four Mn centers, several oxo-bridges, and terminal water ligands, it is an open 
question as to which center is actually oxidized in each S-state transition. The Mn cluster 
considered here has an oxidation state of +13 in the S0 state. Electron paramagnetic 
resonance (EPR) and X-ray Absorption Near Edge Spectroscopy (XANES) studies of the 
flash-induced S-state transitions support an S0 with an oxidation state of either (Mn(II), 
Mn(III), Mn(IV)2) or (Mn(III)3, Mn(IV)), that S1 is (Mn(III)2, Mn(IV)2), and that S2 is 
(Mn(III), Mn(IV)3). Recent multifrequency, multidimensional magnetic resonance 
spectroscopy shows S3 is (Mn(IV)4), indicating Mn-centered oxidation throughout the Kok 
cycle.[87] Other EPR measurements[84] as well as DFT simulations[82, 83] also support 
Mn-centered oxidation, leading to Mn(IV)4 in the S3 state. There is evidence that Mn(II) is 
not present in the S0 state.[88] However, there are alternative models of an OEC that 
functions at a lower oxidation state, which are not considered here. In these models, S0 has 
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an oxidation state of +11 with Mn(III)3Mn(II) and O2 chemistry is carried out in an S4 state 
with a formal oxidation of Mn(IV)3Mn(II).[1, 89] 
A challenge for the DFT and QM/MM calculations is that they require an initial guess for 
the Mn oxidation states and the µ-oxo, terminal water and amino acid protonation patterns. 
For example, 24 protonation states were compared for a model that includes only the direct 
amino acid ligands and H337 to determine the lowest energy S2 state.[84] The dependence 
of the state energy on the protonation of terminal waters and H337 has been considered.[90] 
Studies of the more reduced OEC states that are present in the X-ray structure also relied 
on the comparison of several, pre-defined protonation states.[81, 91] DFT is also an 
expensive technique to treat extended regions of a protein, especially if large basis sets are 
used. Previous DFT studies have typically included at most the Mn4O5Ca cluster, terminal 
waters, amino acid ligands (D1-D170, D189, H332, E333, D342, A344 and CP43-E354) 
and amino acids that are in direct contact with the cluster through hydrogen bonding to the 
µ-oxo bridges (D1-H337 and CP43-R357) in the quantum mechanical region. The rest of 
the protein was either treated by a dielectric continuum in DFT calculations,[82, 83] or at 
the classical molecular mechanics level in QM/MM calculations with fixed protonation 
states.[79, 80, 92] 
In contrast to electronic structure methods, continuum electrostatics computations using 
Monte Carlo (MC) sampling can allow for the analysis of the response of the protein 
environment to redox reactions.[93-97] These MC methods have the advantage of being 
able to analyze the entire protein, keeping all acidic and basic residues in equilibrium with 
the cofactor redox changes. The difficulty with applying this approach to the OEC has been 
the lack of a good model for the Mn cluster that can be integrated into the classical 
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electrostatic analysis. Recently, we developed a suitable method based on a classical 
valence model including only electrostatic and Lennard-Jones interactions combined with 
MC sampling of possible microstates within the Multiconformation Continuum 
Electrostatic (MCCE)[98] program. It was shown to do a remarkably good job of 
calculating relative Em’s and pKa’s of oxo-manganese clusters designed as OEC model 
complexes.[63] The advantage of this simple approach is that, in contrast with previous 
studies, it is not necessary to pre-assign the most likely distribution of redox states for the 
Mn and protonation states for the µ-oxo and water ligands, as all possibilities are subjected 
to MC sampling.[63] The resulting methodology can thus address the complex problem of 
proton-coupled Mn oxidation reactions of the OEC of PSII, including the influence of the 
surrounding PSII protein residues explicitly. 
The work reported here analyzes the progression of Mn oxidation states and the coupled 
changes in the protonation of bridging oxygens, terminal waters, and amino-acid residues 
in the S-state catalytic cycle. This method allows for analysis of the Mn4O5Ca complex 
more fully integrated with the rest of the protein than is possible with other computational 
techniques. Unlike the isolated OEC cluster model previously analyzed using 
electrostatics,[99] we see that several amino acids not typically included in previous 
models change protonation during the S-state transitions. Comparison of two cluster 
geometries using the classical electrostatic model suggests that Mn oxidation during the 
S2/S3 transition may precede insertion of a new ligand between Mn1 and Mn4. 
Furthermore, simulations carried out with and without Cl- indicate that Cl- depletion may 
suppress O2 evolution[100-102] by affecting the timing of proton release from W2. 
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Methods 	
The 1.9 Å structure of PSII (PDB[103] ID 3ARC[33]) is used as the basis for all 
calculations. The MC sampling uses fixed X-ray diffraction (XRD) coordinates for the 
protein backbone, as well as for all cofactors other than the OEC, but side chain rotamers 
and protonation states are sampled for amino acids.[98] For each MCCE run, OEC atoms 
and coordinating ligands are fixed in one of two coordinate sets based on DFT 
optimizations reflecting S1 or S3. The S2 state has multiple possible geometries.[28, 92] 
While we do not use S2 geometries for MCCE simulations, possible S2 oxidation states and 
possible sources of S2 heterogeneity are discussed below. For the S1 state, we use 
coordinates from the QM/MM structure optimized with Mn oxidation states 
Mn4[III,IV,IV,III] (the oxidation states are ordered using the numbering in Figure 6 and 
the 3ARC crystal structure[33]), all µ-oxo bridges deprotonated, and terminal waters 
neutral.[91] The OEC coordinates are taken from the QM/MM structure after alignment of 
the OEC ligands with the XRD coordinates.[33] The DFT optimized Mn-ligand bond 
lengths are longer for Mn(III) than Mn(IV). The MC sampling will reflect the DFT charge 
distribution due to more favorable electrostatic interactions for shorter bond lengths, 
favoring oxidation of Mn2 and Mn3 prior to Mn1 or Mn4 in the S1-optimized structure.[63] 
Therefore, DFT is also used to optimize an S3 cluster model with Mn4[IV,IV,IV,IV], all µ-
oxo deprotonated, with W1 as OH− and the other three terminal waters neutral. This 
Mn4O5Ca cluster is optimized using the B3LYP functional[104] in Gaussian09.[105] The 
LANL2DZ basis set with effective core potentials is used for Mn and Ca, while 6-31G* is 
used for the other atoms.[106, 107] Adjacent Mn centers are antiferromagnetically coupled 
in a Mn4[α,β,α,β] scheme. The cluster DFT model includes the terminal waters bound to 
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the dangler Mn and to Ca2+ (with W1 as OH-) and the side chains of the amino acid ligands 
to each Mn (D1: D170, E189, H332, E333, D342, A344 and CP43: E354). The DFT 
optimized geometries of both structures are reported in Supporting Information Figures 8 
and 9. 
For the optimized S3 OEC, the position of the surrounding ligands differ from the structure 
found in 3ARC with an RMSD of 0.19 Å, so for this preparation, the coordinates are 
docked back into in the PSII protein and minimized with Molecular Dynamics (MD) using 
NAMD 2.855.[108] Solvent is implicitly considered using the pairwise generalized Born 
model56.[109] The AMBER ff99SB force field is used for all standard residues[110] and 
previously published force field parameters for PSII cofactors.[110, 111] The distance 
between Mn atoms and the ligands and µ-oxo bridges is harmonically constrained to that 
of the optimized DFT structure with a force constant of 20 kcal mol-1 Å-2. Bending and 
torsion potentials between all atoms of the Mn complex are omitted. The Mn4+, µ-oxo2- 
and Ca2+ have formal integer charges in the MD analysis. Docking the optimized S3 OEC 
and ligands changes results in little change in the surrounding protein structure. For 
residues with an atom within 10 Å of the OEC, the final RMSD of the coordinates is 
0.13 Å, with backbone atom positions for all but residues D1-169 to 171 in nearly the same 
location as for the S1 preparation (See SI for details). 
Atom-centered point charges for ligands of the OEC are determined using a method similar 
to that used previously for oxo-manganese model complexes.[63] Briefly, point charges 
are first determined for the full DFT model of the OEC cluster and ligands using an 
Electrostatic Potential (ESP) fit in Gaussian09.[105] Then an ESP fitting for just the 
ligands is performed with the OEC atoms replaced by point charges assigned in the first 
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ESP run and the terminal waters given TIP charges. A more detailed description of the 
method and resulting ligand charges for the S1 and S3 preparation are given in Supporting 
Information Tables 5 and 6. Our previously reported method was developed for chelating 
ligands that bind a single Mn center. In the OEC, several ligands bridge two metal ions, so 
the charges are determined for all ligands in one calculation. The net charge on the ligands 
is -6. Since no restraints are placed on ligand side chain charges, the net charge assigned 
to each anionic side chain ligand ranges from -0.97 to -1.07. The largest difference in 
charge assignments between the S1 and S3 OEC preparations is in the D1-H332 side chain. 
For MC sampling, the intrinsic energies for isolated Mn and bridging oxygens were 
obtained using experimental data from model oxo-Mn complexes, as reported in our earlier 
work.[63] The solution pKa of a bridging oxygen is determined by the experimental pKa of 
the µ-oxo in the complex [(bpy)4Mn(III,IV)(µ-oxo)(µ-oxoH)]4+ and results in an intrinsic 
pKa of the isolated bridging oxygen of 45. The experimental reduction potential of the 
complex [(bpy)4Mn(IV,IV)(µ-oxo)2]4+ is 1.51 V vs. SHE and results in a solution Em for 
the gedanken Mn of 1.80 V. These previously reported values derived from the model 
complexes are used in this work for the OEC Mn and µ-oxo bridges. Differences in 
reference values that may result from our slightly modified charge assignment method, and 
the subsequent effects on reported Em’s are discussed below. 
MCCE generates an ensemble of redox and protonation states of the OEC and protonation 
and conformations states of the surrounding protein using standard experimental solution 
pKa’s for amino acids.[98] The charge and position of the Mn4O5Ca cluster ligands are 
fixed. Chlorophylls and other PSII redox cofactors are held in their neutral form. All other 
amino acids throughout PSII sample appropriate protonation states, hydroxyl torsion 
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minima and other isosteric conformers.[98] In addition, amino acid residues within 15 Å 
of the OEC sample different side chain rotamers. MC sampling then finds the equilibrium 
distribution at the defined pH and Eh of the solution allowing the amino acid residues in 
PSII to come into equilibrium with the OEC core. (See Supporting Information for more 
details on the energy terms used in MCCE sampling.) We also ran calculations for a 
selection of PSII residues located within 15 Å around the OEC, as is used in many QM/MM 
calculations, including our own.[79, 80, 91, 112] While the results were qualitatively the 
same as for the full protein, the titratable residues on the edge of the sphere have 
quantitatively different protonation states. In light of this discrepancy, we use only the full 
protein results for our analysis. The results discussed below are for calculations at pH 6.0; 
changes in calculations run at pH 4 and 8 are also highlighted. Since water molecules other 
than terminal waters on the OEC are treated implicitly, the hydrogen-bonding network in 
channels around the OEC is not considered explicitly. The proximity of a water cavity on 
either side of D1-Y161 and D1-H190 causes the favorable MCCE conformer to have D1-
H190 positively charged and the D1-Y161 OH oriented toward the space where waters 
would typically be located. Since a YZ hydrogen bond interaction with D1-H190 requires 
a neutral imidazole, this is the only residue in the simulation for which the charged 
conformers are removed. In this case, MCCE selects the set of conformers in which the 
hydrogen atom is between YZ and D1-H190, as expected. 
To investigate the chloride dependence of the catalytic cycle, we run MCCE with fixed 
chloride ion occupations. Of the three chlorides reported in the 1.9 Å crystal structure, two 
are close to the OEC[33] and are investigated in more detail. Cl1 is 6.6 Å from Mn4 and 
5.5 Å from D1-D61, and Cl2 is located 7.5 Å from Mn2 and 5.0 Å from D1-H337. To 
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validate these positions, we use Grand Canonical Monte Carlo sampling in MCCE to 
determine where the chloride ions are most likely found within 10 Å of the OEC (see SI 
for more details). Each of the ions with some occupancy in this simulation is within 3 Å of 
the 3ARC crystal structure positions[33] (SI Figure 10). Therefore, we use crystal structure 
chloride locations for our simulations. Chloride depleted runs are performed by removing 
each chloride independently, as well as simulating full chloride depletion. 
As a check of the MCCE results, the energy of the isolated Mn4O5Ca cluster is investigated 
by DFT in several oxidation and protonation states identified by MC sampling. For these 
calculations, the side chains (including the Cβ atoms) of the OEC ligands, plus D1-D61-, 
D1-H337+ and CP43-R357+ are included in the cluster, with DFT optimization carried out 
as described above. In addition to the terminal water ligands of the dangler Mn and the 
calcium, the waters that make a hydrogen bond with µ-oxo bridges O1 and O4 are included. 
All Cβ atoms are fixed through the geometry optimization. A total of 161 atoms are 
included in the DFT calculations. The geometry of the isolated clusters is optimized given 
the set of defined Mn oxidation states, spin states, and bridge protonation states. 
 
Results and discussion 	
Protein response to OEC oxidation.  
In the MCCE simulations, the protonation states of the OEC and protein residues are kept 
in equilibrium with the S states as the PSII-OEC complex is oxidized. Almost all 
protonatable residues within 15 Å of the OEC are found to be >90% in their standard 
protonation states (Asp-, Glu-, His0, Lys+, Arg+) in all S states. Furthermore, these residues 
change protonation by only small amounts as the OEC is oxidized, leading to at most 
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fractional proton release to the solvent. For example, CP43-R357 remains positively 
charged in all S states. The only residues with protonation states coupled to OEC oxidation 
are D1-D61, D1-E65, D1-E329, D1-H337, D2-E312, the µ-oxo bridge O1, and the terminal 
waters coordinated to Mn4 (W1 and W2). The behavior of these residues during the 
catalytic cycle is discussed in detail below. 
 
The S1 state of the OEC. 
  
Parallel MCCE calculations were carried out with the OEC structure optimized in either 
the S1 or the S3 redox state. Each OEC preparation was docked into the complete PSII 
structure and the Eh set to ≈700 mV so that the system is in the S1 oxidation state (Mn(III)2, 
Mn(IV)2). Unless stated otherwise the results are similar in both structures. In the MCCE 
simulations, the S1 state has all µ-oxo bridges deprotonated and an oxidation state of 
Mn4[III,IV,IV,III]. The Mn oxidation states are in agreement with the more expensive DFT 
studies of the S1 state,[31, 79, 113] demonstrating that the local electrostatic environment 
determines the relative stability of Mn(III) and Mn(IV) at each position in the cluster. The 
MCCE results show that in the protein environment, all terminal waters are neutral in S1. 
This result is in agreement with the reported QM/MM model,[79] but disagrees with recent 
calculations on an isolated cluster model in a dielectric continuum, in which finds that D1-
H337 is neutral and the W2 ligand to Mn4 is a hydroxyl.[99] Our calculations, however, 
are at equilibrium with the full protein, indicating the importance of considering the 
atomistic details of the environment. The S1 protonation states for the residues that change 
with OEC oxidation are shown in Table 1. From this starting point, Eh titrations are run to 
determine the behavior of the PSII protein upon OEC reduction or oxidation. 
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Table 1 Equilibrium charge states of important protein residues in the S1 oxidation state 
 Mn4[III,IV,IV,III] 
Residue S1 preparation 
S3 
preparation 
D1-D61 -0.96 -0.99 
D1-E65 -0.92 -0.95 
D1-E329 -0.79 -0.49 
D1-H337 +1.00 +1.00 
D2-E312 -0.08 -0.05 
Net local ΔH+: S0 to S1 (-0.9) (-0.6) 
Net protein ΔH+: S0 to S1 (-1.0) (-0.8) 
 
D1-E65 and D2-E312 are close together and share one proton; the distribution of this 
proton is sensitive to protein preparation and S state, but there is no difference in their 
summed protonation. Only D1-E329 shows a significant change in protonation state. 
Changes in protonation relative to the S0 state (Mn(III)3,Mn(IV)) is also given in 
parentheses; local: listed residues, terminal waters, and µ-oxo bridge O1; net protein: all 
residues and cofactors. One proton is lost from the oxo-bridge when S0 is oxidized. 
 
MCCE determination of S0 
Lowering the Eh in MCCE results in an electron being added to Mn2 along with protonation 
of O1 for simulations of S0. The local ligand charges depend on the geometry and electronic 
structure of the Mn4O5Ca core, which are different in the S1 or S3 optimized OEC cluster 
(SI Table 5). However, both structures show Mn3 as the sole Mn(IV) center in the S0 state, 
Mn4[III,III,IV,III]. In addition to the full protonation of the O1 µ-oxo bridge in S0, the 
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equilibrium charge of D1-E329 also changes from partially deprotonated in S1 (Tables 1 
and 10) to be almost fully deprotonated in S0. With the cluster already in the S1 geometry, 
the Em of the S0/S1 transition is calculated to be -0.10 V vs. SHE. A similar Em, -0.18 V, is 
determined for this transition for the S3 geometry. These values are significantly more 
negative than the expected value of ≈600 mV estimated from the ability of YD (Em 
≈700 mV) to oxidize the OEC in the S0 state.[114] The low Em is likely a result of several 
factors and suggests there may be a strong geometry dependence for the S0/S1 transition. 
The position of O5 in S1 is different than in the optimized S0 form[80] and the change in 
Mn charge also affects the ligand polarization. Thus, the OEC geometry and ligand charge 
assignments in MCCE strongly favor the DFT S1 or S3 redox states. In addition, while the 
model complexes used to parameterize the Mn(III) to Mn(IV) transition were ligands 
chelating one Mn,[63] the OEC ligands are typically bridging two Mn centers. The effect 
of the ligation mode on our modeling will be the focus of future work. We note, however, 
that calculated Em’s for the transitions beyond S1 are reasonable and will allow the OEC to 
reduce P680+ (see below).[46, 50, 115, 116] 
The MCCE result for the S0 state, Mn4[III,III,IV,III] state with O1 protonated, differs from 
S0 states reported using DFT and QM/MM calculations, where the Mn oxidation is 
Mn4[III,IV,III,III] with either O4 or O5 protonated.[80, 82] Interestingly, recent crystal 
structure obtained with femtosecond X-ray laser pulses in the S1 state shows bond lengths 
consistent with O5 being protonated.[34] As the MC sampling used here allows for all 
possible combinations of Mn oxidation and µ-oxo protonation, this result suggests that 
alternate S0 states may have been overlooked. DFT energies were compared for cluster 
models optimized in each of the three configurations (Mn3 oxidized with O1 protonated; 
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Mn2 oxidized with O4 or O5 protonated). The DFT energies of all three states are within 
3.2 kcal/mol, indicating that each of these configurations may be accessible in the S0 state 
(SI Table 7). The state with the most favorable electrostatic energy as determined by 
MCCE has a DFT energy between that of Mn4[III,IV,III,III] with either O4 protonated 
(lowest energy) or O5 protonated (highest energy). The same energy order is found if the 
waters that serve as hydrogen-bonding partners for O1 and O4 are included in or removed 
from the DFT cluster. 
Using MCCE, it is possible to evaluate states that are not selected by MC sampling, so 
OEC Mn redox states were explored with either O4 or O5 forced to be protonated. In either 
case, the favorable S0 Mn oxidation state from MCCE is Mn4[III,IV,III,III]. If Mn2 is 
required to be the Mn(IV) center in the S0 state, MCCE favors protonation of O4. This 
proton is then lost as Mn3 is oxidized during the S0/S1 transition. Overall, the MCCE results 
combined with DFT cluster analysis suggest that previously unconsidered S0 states may be 
possible. The classical model also supports the proton release during the S0/S1 transition 
from a µ-oxo bridge.[80, 82, 83] If the proton is constrained to be held on either O4 or O5, 
Mn3 oxidation to form S1 results in an extra charge on the cluster. However, there is no 
significant proton release from terminal waters or the surrounding protein, indicating there 
would be a significant buildup of charge contrary to experimental results.[117] This shows 
that even when an extra charge is constrained to remain near OEC, there are no nearby 
groups in the protein that have their pKa poised so they can respond by losing a proton. 
 
Limited protein response during the S1/S2 transition 
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While the results for the S0 and S1 states are essentially independent of the OEC geometry 
and ligand charges, the S2 state is more sensitive to the OEC coordinates. With the OEC 
cluster in the S1-optimized geometry in which O5 is closer to Mn4, Mn4 is oxidized during 
the S1/S2 transition, resulting in the oxidation state Mn4[III,IV,IV,IV]. This transition is 
calculated to occur at +0.93 V and is coupled to efficient (89%) proton transfer from W1 
to the neighboring D1-D61 residue (Table 2). There is also a further 7% deprotonation of 
W1 and 4% deprotonation of W2. A role for D61 has been suggested from FTIR 
measurements[118] and site directed mutations.[119] It has also been proposed to be on 
the proton exit path.[120, 121] In response to the build-up of charge near the OEC, D1-
E329 shows a change in protonation state (17% deprotonation to -0.96 equilibrium charge), 
supporting reports that this residue is involved with S1/S2 transition.[118] The only other 
protein change is seen for the D1-E65 and D2-E312 pair, which loses 0.03 protons with a 
slight shift in which residue is protonated. These residues had been suggested to be on a 
proton exit path from examination of the structures[122] and their sensitivity to the Kok 
cycle reaction is consistent with FTIR data for D1-E65 and D2-E312 mutants indicating 
that this hydrogen-bonded pair is affected by the transition to S2.[118] Since the MCCE 
calculations use implicit solvation, our results show that these residues respond to the long-
range changes in electrostatic environment. Thus, this effect does not require, but does not 
preclude, action via local changes in an extensive hydrogen-bonding network. An S2 state 
composed of Mn4[III,IV,IV,IV] with one hydroxyl ligand on Mn4(IV) is similar to the 
recent computational results for the S=1/2, g=2 multiline EPR signal,[28, 84] although our 
results suggest that the deprotonated water is W1, which supports proton transfer to D61, 
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rather than W2. Overall, 0.5-0.8 protons are calculated to be lost from PSII to the bulk upon 
oxidation to the S2 state (Table 2). 
Table 2 Equilibrium charge states of important protein residues and terminal waters in 
the S2 oxidation state 
 Mn4[III,IV,IV,IV] Mn4[IV,IV,IV,III] 
Residue S1 preparation 
S3 
preparation 
S1 
preparation 
S3 
preparation 
D1-D61 -0.07 (+0.89) -0.66 (+0.33) -0.96  ( 0.00) -1.00  (-0.01) 
D1-E65 -0.99  (-0.07) -0.96  (-0.01) -0.92  ( 0.00) -1.00  (-0.05) 
D1-E329 -0.96  (-0.17) -0.80  (-0.31) -0.92  (-0.13) -0.98  (-0.49) 
D1-H337 +1.00  ( 0.00) +1.00 ( 0.00) +0.15 (-0.85) +0.85 (-0.15) 
D2-E312 -0.04  (+0.04) -0.14 (+0.09) -0.09  (-0.01) -0.01 (+0.04) 
W1 -0.96  (-0.96) -0.78  (-0.78) 0.00   ( 0.00) 0.00   ( 0.00) 
W2 -0.04  (-0.04) -0.02  (-0.02) 0.00   ( 0.00) 0.00   ( 0.00) 
Net local ΔH+: S1 to 
S2 
            (-0.3)             (-0.9)             (-1.0)            (-0.7) 
Net protein ΔH+: S1 
to S2 
            (-0.5)             (-0.9)             (-1.0)            (-0.8) 
Bold: In the OEC optimized in the S1 state oxidation of Mn4 occurs first; when the OEC is 
optimized in the S3 state Mn1 oxidation is favored. Italics: simulations in which the Mn1 
and Mn4 oxidation states were fixed rather than selected by MC sampling with a given 
cluster geometry. Changes in protonation relative to the S1 state (Mn4[III,IV,IV,III]) are in 
parentheses. 
 
Residue and OEC water protonation in alternative S2 states 
Oxidation of the S2 state given the S3 optimized geometry results in both Mn1 and Mn4 
titrating at almost the same Em, with Mn1(IV) slightly lower in energy. The Mn1 oxidation 
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in S2 has been identified with the g=4.1 EPR signal.[92] The S3 OEC structure in this work 
lacks the additional ligand that will be added in the true S3 state, but O5 is closer to Mn1 
and farther from Mn4 than in the S1 optimized geometry (SI Figs. 8 and 9). The 
Mn4[IV,IV,IV,III] state is stabilized by the position of O5 and a more negative partial 
charge on the ligating D1-H332 nitrogen (SI Table 6) even though it lacks true octahedral 
coordination around Mn1. 
The MCCE sampling confirms that the presence of the two S2 states is linked to changes 
in the location of O5 between Mn1 and Mn4 as has been suggested previously[28, 92] and 
the MCCE analysis shows that it results predominately from changes in the electrostatic 
interactions within the cluster. The two almost isoenergetic states are represented here by 
the two distinct OEC geometries used for the calculations. It is interesting to note that using 
the S3 optimized geometry results in the Mn1 and Mn4 oxidations occurring at almost the 
same potential. As found in higher level calculations,[92] the classical electrostatic analysis 
shows the hole will be localized on the Mn center closer to O5. 
In either S2 state, all bridging oxygens are deprotonated, so any proton loss during 
oxidation must come from other sources. Using MCCE, we can link deprotonation events 
in the protein to the oxidation of either Mn1 or Mn4. Independent of the OEC cluster 
geometry used in the calculations, Mn4 oxidation results in significant transfer of a proton 
from W1 to D1-D61, with some additional stabilization due to partial deprotonation of 
terminal waters W1 and W2 (see Table 2). If oxidation of Mn1 occurs in the presence of 
Mn4(III), the S1/S2 transition is coupled to only partial deprotonation of D1-E329 and D1-
H337 (discussed in more detail below). Thus, the amount and location of proton loss on 
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forming S3 is dependent on whether the charge is lost from Mn1 or Mn4 and should thus 
be different in PSII showing the multiline or the g=4.1 S2 EPR spectra.[28, 84, 92] 
 
Deprotonation during the S2/S3 transition 
In the MCCE calculations with the OEC S1 or S3 geometry, the S2/S3 transition involves 
the oxidation to the Mn4[IV,IV,IV,IV] state. With the S1 preparation within MCCE, where 
the S2/S3 transition is constrained to occur with no geometric rearrangement, the oxidation 
of Mn1 is calculated to be at +1.34 V, more than 500 mV higher than the S1/S2 transition 
at +0.93 V. Without any geometry changes, the calculated Em is more positive than the 
P680/P680+ redox potential of ~1.2 V,[46, 50, 115, 116] but still a reasonable estimate given 
the error of the method (~100 mV).[63] However, when using the S3 geometry, the S1/S2 
transition with oxidation of Mn1 is calculated to be +0.70 V and the S2/S3 transition with 
oxidation of Mn4 is calculated to be +0.94 V. This indicates that at least some of the redox 
leveling during the Kok cycle is due to rearrangement of the cluster and is not fully 
attributable to proton-coupled oxidation processes. 
In either cluster geometry, the S3 OEC oxidation state of Mn4[IV,IV,IV,IV] is in 
equilibrium with a partially deprotonated W2, partial proton transfer between D1-D61 and 
W1, and a mostly deprotonated D1-His337 (Table 3). After the final Mn oxidation, D1-
E329 remains almost fully deprotonated, as it is in the S2 state. 
Table 3 Equilibrium charge states of important protein residues in the S3 oxidation state 
 
Mn4[IV,IV,IV,IV] 
Mn4[IV,IV,IV,IV] 
with D1-H337+ 
Residue S1 preparation S3 preparation S1 preparation S3 preparation 
D1-D61 -0.28   (-0.21) -0.65  (+0.35) -0.58  (-0.50) -0.99  (+0.01) 
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D1-E65 -0.97  (+0.02) -0.97  (+0.03) -0.97  (+0.02) -0.96  (+0.01) 
D1-E329 -0.96   ( 0.00) -0.96  (+0.02) -1.00  (-0.04) -1.00   ( 0.00) 
D1-H337  0.00   (-1.00) +0.16  (-0.69) +1.00 +1.00 
D2-E312 -0.04   ( 0.00) -0.08   (-0.07) -0.03 (+0.01) -0.06  (-0.02) 
W1 -0.73   (+0.23) -0.65   (-0.65) -0.51 (+0.45) -0.60  (-0.60) 
W2 -0.41   (-0.37) -0.30   (-0.30) -0.90  (-0.85) -0.40  (-0.40) 
Net local ΔH+: S2 to S3             (-1.3)              (-1.3)             (-1.0)             (-1.0) 
Net protein ΔH+: S2 to S3             (-1.2)              (-1.1)             (-1.0)             (-1.0) 
Changes from the S2 equilibrium protonation states are shown in parenthesis. The S1 
optimized OEC advances from Mn4[III,IV,IV,IV] and S3 optimized structure advances 
from Mn4[IV,IV,IV,III] (see Table 2). Left: D1-H337 is free to titrate. Right: D1-H337 is 
fixed in the protonated state, with charge differences relative to S2 with D1-H337+ (see SI 
Tables 11 and 12). 
 
The protonation state of D1-H337 
The MCCE method results in D1-H337 deprotonation coupled to the oxidation of Mn1, 
regardless of whether this occurs during the transition from S1 to S2 (for the S3 preparation) 
or from S2 to S3 (for the S1 preparation). In MC calculations, redox and protonation states 
come to equilibrium without concern for the deprotonation pathway. The proton could be 
released from D1-H337 to one of two nearby water molecules that are treated implicitly in 
our model. However, this residue is surrounded by amino acids that cannot function as 
proton acceptors,[123, 124] so losing this proton to the bulk may have a large kinetic 
barrier. To explore the effect of the charge remaining near the OEC, we also carried out 
MC sampling in which D1-H337 is constrained to remain positively charged. For both the 
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S1 and S3 OEC geometry, the Mn oxidation order is not affected, but the extent of W1 and 
W2 deprotonation is changed (see SI Tables 11 and 12). With D1-H337+, the proton 
transfer from D1-D61 back to W1 increases, with D1-D61 <42% protonated in S3 (Table 
3). In addition, with a protonated His nearby, the degree of proton release from W2 
increases. 
 
Protonation of the OEC and protein through the S-state cycle 
When the classical MCCE analysis is used to determine the order of Mn oxidation and 
proton loss from the OEC cluster we can compare the results to detailed DFT[82, 83] and 
QM/MM[79, 80, 92] calculations. The classical method provides a measure of the 
importance of electrostatic interactions. It also allows ready sampling of all possible states 
and can find low-lying redox and protonation tautomers that may have been previously 
missed. However, the MCCE analysis is also unique in allowing us to probe how a given 
OEC state affects the PSII protein. This cannot be done with ab initio analysis, which 
typically does not include more than a few surrounding residues with pre-assigned 
protonation states. Likewise, classical MD calculations fix the protonation states in the 
protein region. 
As the OEC is oxidized, protons are lost from PSII to the lumen. The experimental values 
for protons lost per OEC oxidation show less proton release on forming S2 than the other 
state transitions at pH 6.[50-54] Overall, OEC oxidation remains coupled to proton loss 
from the cluster, whether from a µ-oxo bridge found for S states below S1 or by terminal 
waters in the higher oxidation states (see Figure 7). The coupling reflects the large pKa 
shifts of the bridging oxygens and terminal waters upon cluster oxidation found in oxo-Mn 
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model systems.[63] The MCCE calculated proton release pattern using the S1 preparation 
is 1.0, 0.5, 1.2 for the transitions from S0 through S3, consistent with less proton loss during 
formation of S2. Importantly, however, the proton lost from W1 upon Mn4 oxidation is 
mostly trapped by D1-D61 and does not reach the lumen. The proton release pattern using 
the S3 preparation is 0.8, 0.8, 1.1. When Mn1 is oxidized in S2, D1-D61 is less effective at 
trapping the proton (Tables 2 and 3). The region near the OEC becomes more positive in 
the S2 state since OEC oxidation is not fully balanced by proton loss to solution. In all 
simulations, a mixture of W1 and W2 deprotonation is observed which is dependent on the 
OEC geometry, pH, and chloride ion concentration (see below). Both W1 and W2 are 
calculated to have a pKa close to the lumenal pH, which leads W2 deprotonation being 
sensitive to small changes in the structure. The long-range impact of the net charge and 
charge distribution of the OEC affects protonation states of nearby residues, with the most 
significant change at D1-D61. In addition, the protonation of D1-H337 may be modulated 
by the S state of the OEC. The next largest contribution is from D1-E329, ≈8.5 Å from the 
OEC (Tables 1-3). This residue remains between 2 and 51% protonated during the catalytic 
cycle and is, therefore, poised to bind or release protons as the positive charge is built up 
near the OEC. 
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Figure 7 Proposed Kok cycle steps based on MCCE determined protonation patterns. The 
OEC atoms are shown with terminal waters W1-W4 and the side chains of D1-D61 and 
D1-H337. OEC atom colors indicate: Mn(III) in light grey, Mn(IV) in purple, Ca in orange. 
Circled Mn atoms are oxidized during the transition to the next state along with 
deprotonation of the indicated hydrogen atom(s). Grey arrows indicate partial 
deprotonation, as shown by transparent hydrogen atoms in the next S state. The S1/S2 
transition has two possibilities: via oxidation of Mn4 (solid lines to S2:Mn4) or Mn1 (dashed 
lines to S2:Mn1). 
Calculated Em’s for OEC Mn centers. 
 Using the Mn oxidation parameters determined from model complexes,[63] we have 
estimated the Em of each OEC transition using the electrostatic model to within ± 0.10 V. 
For the S1 optimized cluster, the S1/S2 transition is at +0.93 V, with the S2/S3 transition 
occurs at +1.34 V. However, using the S3 geometry results in values of +0.70 V and +0.94 
V for these transitions, with a switch in the Mn center oxidized first and much less 
separation between the two states. These values do not reflect the insertion of an additional 
ligand in S3, but do show that the redox-leveling capacity of the OEC is assisted by 
geometric rearrangement and by fractional loss of protons from terminal waters. Even with 
the uncertainty of the benchmark calculations, the derived values are within the range 
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required to oxidize P680+.[46, 50, 115, 116] This indicates that the Mn complexes used to 
benchmark the MCCE calculations provide a reasonable match to the interactions 
occurring in the OEC within PSII. 
 
The pH dependence of the S-state cycle 
The protonation states of the OEC and PSII were also determined at pH 4 and 8 (SI Tables 
13 – 18). Altering the pH does not change the identity of the main proton acceptors 
corresponding to each S state, however, the degree of protonation for residues listed in 
Tables 1 - 3 decreases as the pH increases, as expected. In general, the change in 
protonation states of residues close to the OEC cluster due to changing pH is small, with a 
much greater response in other regions of the protein. However, D1-D61 and D1-E329 
show changes in S1 and D1-D61, D1-E329, and D1-H337 in S2 and S3. The relative 
deprotonation of terminal waters W1 and W2 is also dependent on pH. For example, in the 
S3 state using the S1 OEC geometry, the charge on W1 (W2) differs by +0.42 (-0.79) 
between pH 4 and 8. A similar variation is seen using the S3 optimized geometry (see SI 
for details). The protonation state of protein residues that respond most to changes in 
oxidation state (D1-D61, D1-E329, D1-H337) are also highly dependent on the pH and 
OEC geometry, indicating that the pKa’s of these moieties are close to the operating pH of 
the PSII protein. 
 
The effect of chloride 
Experimental evidence shows that the OEC cannot advance to the S3 state in the absence 
of chloride.[100-102] MC sampling is used to determine which residues are most affected 
		 46	
by chloride removal in the S2 state. Of the three chloride ions present in the 1.9 Å crystal 
structure, two are located within 10 Å of the OEC.[33] The standard MCCE redox titration 
with a Cl- solution chemical potential of ≈100 mM[125] results in both the chloride near 
D1-D61 and D2-K317 (Cl1) and the ion in the pocket near Mn2 (Cl2) remaining bound to 
PSII. To determine which chloride has the largest effect on the OEC oxidation states, we 
remove each chloride from the model separately, as well as run simulations with full 
chloride depletion. Remarkably, removal of Cl1 does not affect the oxidation of Mn4, the 
closest OEC atom. Instead, the protein responds to the changed electrostatic environment 
by destabilizing the W1 to D1-D61 proton transfer with almost full W2 deprotonation 
during the S1/S2 transition rather than on formation of S3 (Table 4). (Protonation states of 
important residues in chloride depleted runs are reported in the SI Tables 19-24 for all S 
states in both OEC geometries.) The removal of Cl2 results in the neutral form of D1-H337 
being more favored in the S2 state, with a shift in the calculated Em of the S1/S2 transition 
of a modest >50 mV. 
Together, these results show that Cl1 is primarily responsible for the need for chloride to 
advance in the Kok cycle, consistent with recently reported results on chloride dependence 
of D2-K317 mutants in this pocket[126] and MD simulations showing that the absence of 
Cl1 affects the D1-D61/D2-K317 interaction.[120] The additional deprotonation of W2 
when chloride is not present results in a calculated proton release pattern of 1.1, 1.1, 1.0 
for the transitions from S0 through S3 for the S1 OEC geometry and 1.0, 1.0, 0.9 for the S3 
geometry. The increased proton release during the S1/S2 transition may be experimentally 
observable and provide additional insight into the chloride dependence of PSII. 
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Table 4 Equilibrium charge states of important protein residues and terminal waters in 
the S2 oxidation state Mn4[III,IV,IV,IV] for the S1 preparation 
 Mn4[III,IV,IV,IV] 
Residue All Cl No Cl1 No Cl2 No Cl 
D1-D61 -0.07 -0.87 -0.38 -0.85 
D1-E65 -0.99 -0.96 -0.97 -0.95 
D1-E329 -0.96 -0.96 -0.97 -0.95 
D1-H337 +1.00 +1.00 +0.55 +0.37 
D2-E312 -0.14 -0.09 -0.06 -0.12 
W1 -0.78 -0.22 -0.89 -0.38 
W2 -0.02 -0.92 -0.13 -0.92 
Net local ΔH+: S1 to S2 (-0.3) (-1.0) (-0.9) (-1.6) 
Net protein ΔH+: S1 to S2 (-0.5) (-1.1) (-0.8) (-1.1) 
Cl1: near D1-D61 and D2-K317; Cl2: near Mn2. Charge differences due to proton release 
from the corresponding S1 state are shown in parenthesis for each case. 
 
Conclusions 	
The results reported here represent the first analysis of the OEC that is able to keep the 
protonation states of the cluster and full protein in equilibrium through the S-state cycle. 
We use a novel technique for analysis of Mn clusters developed with oxo-manganese 
clusters that are models of the OEC.[63] The advantage is that the proton affinity of the 
bridging oxygens and terminal waters is directly compared with that of the protein amino 
acids and the Mn Em’s are obtained with reference to the standard hydrogen electrode. 
These Monte Carlo calculations rely on optimizing the electrostatic energy of the system 
and show remarkable agreement with DFT and QM/MM assignments of the protonation 
		 48	
and oxidation sites for the OEC in the S1, S2 and S3 states. In the S0 state, the classical 
method finds the oxidation state Mn4[III,III,IV,III] with O1 protonated has the lowest 
energy, while DFT[82] and QM/MM[80] calculations find it is Mn4[III,IV,III,III] with O4 
or O5 protonated. However, further DFT analysis shows that the S0 state of the isolated 
cluster has several low-lying oxidation and protonation states including the new one 
suggested by the MCCE analysis. 
The Em’s calculated here for the S states up to S3 are remarkably reasonable given the 
simplicity of the simulation. The Em’s for S1/S2 and S2/S3 are calculated to be in the range 
of +0.70 V to +1.34 V and show that the OEC can be oxidized once by P680+ in the S1 
geometry, but requires a geometric change to advance past S2. It also shows that despite 
the proton loss coupled to reduction, the redox leveling is not perfect. In particular, the 
ability of the nearby D1-D61 to trap the proton lost from Mn4 terminal water W1 prevents 
full proton release during the S1/S2 transition and raises the Em for formation of the S3 state. 
Subsequent oxidation to the Mn4[IV,IV,IV,IV] state, causes deprotonation of W2, the 
extent of which depends on local OEC structure and pH. The results also show that the 
protein is only modestly affected by the OEC oxidation states. Other than D1-D61, only 
nearby residues D1-E329, D1-H337, and the hydrogen-bonded D1-E65/D2-E312 pair 
show any change in protonation state throughout the cycle. This is different from the 
behavior of other systems such as cytochrome c oxidase[127] and bacterial reaction 
centers[128-130] where the distributed changes in protonation states when the cofactors 
change oxidation state play a significant role in proton coupling to the redox reactions. Our 
results also indicate that the presence of the chloride ion near D1-D61 and D2-K317 is 
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necessary to keep the terminal waters on Mn4 in the appropriate protonation state to 
advance through the catalytic cycle. 
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 Preparation of OEC structures 
 
The S1 and S3 preparations result in slight differences in the position of the OEC 
atoms and ligands, most significantly in the position of terminal waters and the D170 side 
chain (see Figs. 8 and 9). The S3 DFT cluster is docked into the 3ARC crystal 
structure[33] using MD such that the backbone atoms and side chains not included in the 
cluster remain in the same position as in the S1 preparation. 
Figure 8 Mn4O5Ca cluster in the S1 optimized QM/MM geometry. A) Distances in 
between OEC atoms in Å with Mn in purple, O in red, and Ca in orange. Mn atoms and 
terminal water oxygens are labeled in the order specified in Fig. 1 B) Positions of the 
OEC ligands from the 3ARC crystal structure[33] are shown with orange licorice.		
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Figure 9 Mn4O5Ca cluster in the S3 optimized DFT geometry. A) Distances in between 
OEC atoms in Å with Mn in purple, O in red, and Ca in orange. Mn atoms and terminal 
water oxygens are labeled in the order specified in Fig. 1 B) Positions of the OEC 
ligands from the S3 structure docked with MD into the 3ARC crystal structure[33] are 
shown with yellow licorice. 
 
 
In the Mn4O5Ca cluster, several ligands are bound to more than one Mn so the ligand 
charges are obtained as a unit. First the ESP charges were obtained for the entire cluster 
including the 6 side chains and 1 C-terminus that are ligands to Mn and Ca. Similar to the 
analysis of di-Mn clusters,[24] the Mn, Ca, and µ-oxo bridge atoms are replaced by point 
charges obtained from the ESP fitting of the full QM cluster model. The terminal waters 
(or OH- for W1 in S3) are replaced by the TIP charges used in MCCE. These charges are 
listed in Table 5. ESP charges are then obtained for the ligands polarized by these point 
charges. In the DFT analysis the charge on each ligand is not constrained to have an integer 
value, but the net charge on all the ligands is fixed to be -6. The resulting charges (Table 
5) replace the standard PARSE charges for each ligand. Since the S3 OEC and ligands are 
docked into the 3ARC structure using MD, the ligand coordinates for this preparation are 
also listed in Table 5. 
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Table 5 Point charges in the OEC for ESP ligand charge assignments 
 S1 preparation S3 preparation 
Atom X Y Z Charge X Y Z Charge 
Ca -0.011 2.332 1.180 1.675646 14.096 -10.623 3.614 1.496431 
Mn1 2.076 -0.685 1.261 1.097496 12.054 -9.374 6.380 1.033581 
Mn2 1.991 0.906 -1.034 1.675035 14.508 -10.496 6.966 1.455133 
Mn3 -0.509 -0.406 -0.840 1.441981 12.715 -12.476 6.226 1.445658 
Mn4 -2.757 -0.116 0.662 1.150164 11.732 -13.333 3.849 1.201687 
O1 2.094 1.098 0.812 
-
0.695096 13.686 -9.304 5.735 
-
0.762369 
O2 0.254 1.271 -1.052 
-
0.952282 14.394 -11.806 5.793 
-
0.778422 
O3 1.488 -0.848 -0.540 
-
0.884777 12.632 -10.782 7.356 
-
0.724865 
O4 -2.181 0.159 -1.068 
-
0.630792 12.753 -13.916 5.159 
-
0.644480 
O5 -0.857 -0.107 0.898 
-
0.914641 11.981 -11.598 4.864 
-
0.821284 
W1 O -4.715 -0.437 0.291 -0.8 11.499 -14.896 3.044 -1.2 
W1 H -4.901 -1.038 -0.494 0.4 11.813 -15.612 3.627 0.2 
W1 H -5.358 0.334 0.298 0.4  n/a n/a n/a n/a 
W2 O -3.196 -0.397 2.688 -0.8 10.488 -12.307 2.541 -0.8 
W2 H -3.620 0.352 3.154 0.4 10.911 -11.415 2.404 0.4 
W2 H -3.778 -1.203 2.798 0.4 9.640 -12.171 2.996 0.4 
W3 O -1.170 2.244 3.354 -0.8 12.013 -10.089 2.139 -0.8 
W3 H -0.710 2.059 4.197 0.4 11.803 -9.149 2.409 0.4 
W3 H -2.111 2.070 3.561 0.4 12.245 -10.045 1.196 0.4 
W4 O 1.507 3.603 2.717 -0.8 14.527 -8.567 2.342 -0.8 
W4 H 1.573 3.057 3.522 0.4 13.872 -7.845 2.393 0.4 
W4 H 2.424 3.590 2.373 0.4 15.412 -8.171 2.346 0.4 
 
Table 6 Atomic radii and assigned charges of the OEC amino acid ligands, with S3 
coordinates 
     Coordinates relative to S3 OEC 
Residue Atom Radius 
S1 
charge 
S3 
charge X Y Z 
ASP A0170 N 1.5 -0.35 -0.35 14.488 -16.610 -0.606 
ASP A0170 H 1 0.25 0.25 14.671 -17.077 0.259 
ASP A0170 CA 2 0.1 0.1 13.880 -15.299 -0.605 
ASP A0170 HA 0 0 0 12.870 -15.161 -0.273 
ASP A0170 C 1.7 0.55 0.55 13.717 -14.823 -2.078 
ASP A0170 O 1.4 -0.55 -0.55 13.181 -13.746 -2.319 
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Table 6: continued    Coordinates relative to S3 OEC 
Residue Atom Radius 
S1 
charge 
S3 
charge X Y Z 
ASP A0170 CB 2 0.257 -0.247 14.799 -14.562 0.396 
ASP A0170 1HB 0 -0.050 -0.015 15.664 -14.249 -0.155 
ASP A0170 2HB 0 -0.079 -0.046 15.096 -15.285 1.130 
ASP A0170 CG 1.7 0.774 0.818 14.309 -13.355 1.153 
ASP A0170 OD1 1.4 -0.833 -0.775 15.030 -12.349 1.035 
ASP A0170 OD2 1.4 -1.066 -0.437 13.378 -13.299 2.088 
GLU A0189 N 1.5 -0.35 -0.35 9.084 -4.525 2.410 
GLU A0189 H 1 0.25 0.25 8.591 -5.156 3.009 
GLU A0189 CA 2 0.1 0.1 10.522 -4.305 2.600 
GLU A0189 HA 0 0 0 10.666 -3.857 3.563 
GLU A0189 C 1.7 0.55 0.55 11.136 -3.307 1.600 
GLU A0189 O 1.4 -0.55 -0.55 12.227 -2.811 1.855 
GLU A0189 CB 2 0 0 11.222 -5.666 2.509 
GLU A0189 1HB 0 0 0 12.277 -5.491 2.432 
GLU A0189 2HB 0 0 0 10.883 -6.154 1.617 
GLU A0189 CG 2 -0.495 -0.446 10.981 -6.630 3.705 
GLU A0189 1HG 0 0.145 0.145 9.946 -6.578 3.981 
GLU A0189 2HG 0 0.093 0.006 11.579 -6.303 4.532 
GLU A0189 CD 1.7 1.040 0.966 11.330 -8.088 3.400 
GLU A0189 OE1 1.4 -0.883 -0.588 11.034 -9.056 4.222 
GLU A0189 OE2 1.4 -0.913 -0.904 11.525 -8.295 2.189 
HIS A0332 N 1.5 -0.35 -0.35 5.030 -11.029 8.447 
HIS A0332 H 1 0.25 0.25 4.309 -10.450 8.067 
HIS A0332 CA 2 0.1 0.1 5.729 -11.992 7.586 
HIS A0332 HA 0 0 0 5.002 -12.708 7.258 
HIS A0332 C 1.7 0.55 0.55 6.798 -12.783 8.353 
HIS A0332 O 1.4 -0.55 -0.55 7.527 -12.224 9.167 
HIS A0332 CB 2 -0.371 0.656 6.293 -11.319 6.321 
HIS A0332 1HB 0 0.113 -0.159 5.634 -10.520 6.043 
HIS A0332 2HB 0 0.100 -0.238 6.312 -12.046 5.533 
HIS A0332 CG 1.7 0.232 -0.358 7.672 -10.758 6.476 
HIS A0332 ND1 1.5 -0.501 0.155 8.053 -9.892 7.458 
HIS A0332 HD1 1 0.296 -0.218 7.447 -9.482 8.140 
HIS A0332 CE1 1.7 0.447 -0.192 9.358 -9.683 7.360 
HIS A0332 HE1 1 0.070 0.167 9.927 -9.064 8.025 
HIS A0332 NE2 1.5 -0.579 -0.027 9.881 -10.365 6.293 
HIS A0332 CD2 1.7 0.020 0.018 8.783 -11.081 5.756 
HIS A0332 HD2 1 0.166 0.03 8.820 -11.759 4.927 
GLU A0333 N 1.5 -0.35 -0.35 6.933 -14.075 8.050 
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GLU A0333 H 1 0.25 0.25 6.308 -14.453 7.367 
GLU A0333 CA 2 0.1 0.1 7.926 -14.992 8.638 
Table 6: continued   Coordinates relative to S3 OEC 
Residue Atom Radius 
S1 
charge 
S3 
charge X Y Z 
GLU A0333 HA 0 0 0 7.624 -16.004 8.453 
GLU A0333 C 1.7 0.55 0.55 7.987 -14.848 10.164 
GLU A0333 O 1.4 -0.55 -0.55 9.045 -14.600 10.742 
GLU A0333 CB 2 0 0 9.291 -14.784 7.961 
GLU A0333 1HB 0 0 0 9.959 -15.555 8.289 
GLU A0333 2HB 0 0 0 9.682 -13.832 8.261 
GLU A0333 CG 2 -0.190 -0.496 9.210 -14.822 6.431 
GLU A0333 1HG 0 -0.010 -0.002 8.372 -14.231 6.121 
GLU A0333 2HG 0 -0.006 -0.018 9.054 -15.837 6.124 
GLU A0333 CD 1.7 0.879 1.007 10.439 -14.302 5.744 
GLU A0333 OE1 1.4 -0.788 -0.754 11.320 -13.706 6.433 
GLU A0333 OE2 1.4 -0.864 -0.684 10.478 -14.458 4.477 
ASP A0342 N 1.5 -0.35 -0.35 14.787 -5.972 10.181 
ASP A0342 H 1 0.25 0.25 14.196 -6.205 10.954 
ASP A0342 CA 2 0.1 0.1 14.868 -6.870 9.023 
ASP A0342 HA 0 0 0 15.269 -7.830 9.281 
ASP A0342 C 1.7 0.55 0.55 15.847 -6.265 7.990 
ASP A0342 O 1.4 -0.55 -0.55 15.446 -5.449 7.162 
ASP A0342 CB 2 -0.138 -0.445 13.427 -7.147 8.487 
ASP A0342 1HB 0 -0.017 -0.046 13.113 -6.292 7.921 
ASP A0342 2HB 0 -0.033 -0.061 12.776 -7.266 9.330 
ASP A0342 CG 1.7 0.909 0.977 13.283 -8.379 7.601 
ASP A0342 OD1 1.4 -0.831 -0.676 14.279 -9.121 7.533 
ASP A0342 OD2 1.4 -0.896 -0.836 12.158 -8.566 6.953 
ALA A0344 N 1.5 0 0 17.907 -8.077 5.798 
ALA A0344 H 1 0 0 17.332 -8.368 6.562 
ALA A0344 CA 2 0.402 -0.379 17.955 -8.987 4.631 
ALA A0344 HA 0 -0.206 -0.022 17.945 -8.428 3.716 
ALA A0344 CB 2 -0.203 0 19.244 -9.788 4.690 
ALA A0344 1HB 0 0.076 0 19.261 -10.355 5.600 
ALA A0344 2HB 0 0.052 0 20.084 -9.123 4.662 
ALA A0344 3HB 0 -0.091 0 19.296 -10.451 3.850 
CTR A0344 C 1.7 0.652 0.833 16.734 -9.879 4.625 
CTR A0344 O 1.4 -0.848 -0.687 16.163 -10.087 3.546 
CTR A0344 OXT 1.4 -0.865 -0.661 16.173 -10.011 5.799 
GLU C0354 N 1.5 -0.35 -0.35 17.819 -14.583 11.356 
GLU C0354 H 1 0.25 0.25 16.956 -14.629 11.859 
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GLU C0354 CA 2 0.1 0.1 17.813 -14.556 9.891 
GLU C0354 HA 0 0 0 17.415 -15.497 9.566 
GLU C0354 C 1.7 0.55 0.55 19.205 -14.485 9.252 
GLU C0354 O 1.4 -0.55 -0.55 19.411 -15.019 8.160 
Table 6: continued    Coordinates relative to S3 OEC 
Residue Atom Radius 
S1 
charge 
S3 
charge X Y Z 
GLU C0354 CB 2 0 0 16.915 -13.403 9.406 
GLU C0354 1HB 0 0 0 17.513 -12.594 9.034 
GLU C0354 2HB 0 0 0 16.302 -13.044 10.208 
GLU C0354 CG 2 -0.043 -0.47 16.054 -13.977 8.298 
GLU C0354 1HG 0 -0.070 -0.042 15.536 -14.828 8.693 
GLU C0354 2HG 0 -0.059 0.081 16.706 -14.299 7.510 
GLU C0354 CD 1.7 0.916 0.876 15.037 -13.059 7.703 
GLU C0354 OE1 1.4 -0.843 -0.701 15.257 -11.795 7.611 
GLU C0354 OE2 1.4 -0.878 -0.711 14.063 -13.659 7.170 
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MCCE sampling methodology 	
MCCE titration of the OEC through the S-state cycle.  
Earlier studies of redox reactions with MCCE (multi conformers continuum electrostatics) 
considered only how the free energy of moving a group that is well characterized in 
solution into the protein.[131-134] This information is not available for a unique complex 
like the OEC. Rather a new method was developed that treats the Mn, Ca and bridging 
oxygens as independent objects that interact with each other only through classical 
electrostatics and van der Waals interactions.[24] The calculated pKa’s and Em’s were 
shown to match experimental values for eight oxomanganese complexes indicating that 
electrostatic contributions account for most of the observed difference in energy of 
protonation and oxidation state changes between these complexes. In the model, a Mn can 
be in the Mn(IV) or Mn(III) state, carrying formal charges of +4 or +3, respectively. The 
bridging oxygens can be protonated (OH-) or deprotonated (O2-). TIPS charges were used 
for terminal waters with -0.8 partial charges on oxygen and 0.4 for each hydrogen.[135] A 
protonated µ-oxo has a +0.7 on hydrogen and -1.7 on oxygen. The terminal OH- has an 
ESP charge of 0.2 on hydrogen and -1.2 on oxygen as obtained by a single point DFT 
calculation of OH- in water.[24] Each object (Mn and O) may independently change 
between these defined valence and protonation states, with the final redox and protonation 
pattern being determined by Monte Carlo sampling. 
Preparation of PSII protein 
The amino acids throughout the protein are given PARSE atomic partial charges.[136, 137] 
These were used as well for D1-D61, D1-H337, and CP43-R357 which are hydrogen-bond 
partners to the bridging and terminal oxygens as well as for the backbone atoms of the 
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groups whose side chains are ligands to the Mn or Ca2+. All waters other than the ligands 
to Mn4 and Ca2+ are removed and the cavities filled with implicit solvent with a dielectric 
constant of 80. Amber partial charges are used for the chlorophylls, hemes, and 
quinones.[138] The redox states of these cofactors are held neutral. 
For the residues with atoms within 15 Å of the OEC, rotamers are generated to 
sample side chain positions other than those found in the crystal structure. Each side chain 
bond can rotate in 60° increments to generate new positions for the carbon atoms. For all 
side chains in the protein, all polar hydrogens are placed in all torsion minima, Asn and 
Gln terminal O and NH2 can interchange and neutral His can sample both proton tautomer 
positions as defined in an MCCE Quick calculation.[139] The terminal waters on Mn4 and 
the Ca2+ have multiple proton positions, including the proton positions coming from DFT. 
Electrostatic calculation details.  	
The electrostatic interactions are calculated with DelPhi[140] using a protein dielectric 
constant, ε of 4 for the protein and membrane region and 80 for the solvent. Cavities within 
in the protein are filled with a dielectric constant of 80. The salt concentration is 150 mM. 
The solvent radius is 1.4 Å, the Stern layer is 2.0 Å and the final grid spacing is 0.25 Å/grid. 
The Lennard-Jones and torsion energies for the amino acids are from the Amber force 
field.[138] 
MCCE energy terms.  	
The simulation allows all conformation, protonation and redox degrees of freedom to come 
to thermodynamic equilibrium by Monte Carlo sampling, without pre-assigned protein 
protonation or OEC oxidation states. A microstate is one choice of position, redox and 
protonation state for all side chains and cofactors.  The energy of each microstate ∆Gx is:  
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ΔGx = δx,i{[2.3mikbT (pH − pKa,sol,i )+ niF(Eh −Em,sol,i )]+ΔΔGdesolv,i + δx, j[ΔGij ]}
j=i+1
M
∑
i=1
M
∑ + KT ln ρ
ρ /
(1)  
The experimental solution pKa (pKa,sol) for the amino acids are taken from the 
literature.[139] These values for the gedanken Mn and O fragments that make up the OEC 
were obtained from the measurements on the well-characterized dinuclear Mn-bpy 
complex. The µ-oxo in the complex [(bpy)4Mn(III,IV)(µ-oxo)(µ-oxoH)]4+ has a pKa of 2.3 
gives an intrinsic pKa of the bridging oxygen to be 45. The reduction potential of complex 
[(bpy)4Mn(IV,IV)(µ-oxo)2]4+ is 1.51 vs. NHE as determined by cyclic voltammetry 
measurements. This value has been used to set the Em,sol for gedanken Mn (1.8 V) as 
described in reference.[24] The desolvation (∆Gdesolv) energy is the loss of interaction with 
water for a group isolated in water and in the protein. ∆Gij is the pairwise van der Waals 
and electrostatic interactions between all cofactors and side chains in this microstate. For 
the Cl, ρ is the bulk ion density and ρ/ is the grid space density. Cl is subjected to Grand 
Canonical Monte Carlo (GCMC) sampling as each ion can remain in the protein or leave 
to the solvent, which is at a fixed chemical potential. Given previous use of MCCE to probe 
Cl occupancy the default concentration used here is ≈100 mM.[141] 
 
Chloride ion sampling 	
The default Cl- concentration is ≈100 mM.[141] Cl- 680 is 7.5 Å from Mn2, and 5 
Å from H337. Cl- 679 is 6.6 Å from Mn4 and 5.5 Å from D61. The third, Cl- 808, is 
associated with PsbU and is near the protein surface. To determine the Cl- positions used 
for the OEC redox titrations, any cavity within 10 Å of the Mn4O5Ca2+ cluster is filled 
using IPECE with a 0.1 Å grid.[141] This results in the addition of 196 chloride ions. The 
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chlorides are subjected to Grand Canonical Monte Carlo sampling so each ion is free to 
bind or leave to solution and 28 Cl- positions are clustered around the sites of the crystal 
Cl found to have some occupancy.[141] Each of these Cl- are within 3 Å of the crystal 
structure positions (Figure 10). All added Cl- atoms fill interior cavities that are usually 
filled with implicit solvent. DelPhi electrostatic energies are thus calculated with only the 
Cl- positions that are found in the crystal structure. 
 
 
 
Figure 10 The chloride binding sites found in GMMC sampling.The chloride-binding 
sites based on MC sampling. Cl1 stays in the crystal structure position bound to D2-
K317. Cl2A moves toward the Mn4O5Ca2+ cluster in S2 and S3 to Cl2B. Ligands are 
shown in black lines.  
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DFT Calculations for the S0 state 	
Table 7 DFT energies of different configurations of the Mn4O5Ca2+ cluster in S0 
 O4 protonated 
Mn2(IV) 
O1 protonated 
Mn3(IV) 
O5 protonated 
Mn2(IV) 
Energies in Hartree -4254.2378 -4254.2373 -4254.2327 
 
∆G° between O4 protonated Mn2(IV) to O1 protonated Mn3(IV)= 0.33 kcal 
∆G° between O4 protonated Mn2(IV) to O5 protonated Mn2(IV) =3.21 kcal 
 
Table 8 The DFT spin density of Mn centers in different configurations and S states 
 S0 O1 
protonated 
S0 O4 
protonated 
S0 O5 
protonated 
S3 
Mn(1) -3.892686 3.876170 3.872140 -2.973927 
Mn(2) 3.835375 -2.953039 -2.952707 2.913423 
Mn(3) -2.902524 3.863397 3.805643 -2.881919 
Mn(4) 3.851523 -3.878359 -3.803632 2.840000 
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Protonation states for important residues during MCCE titrations from S0 to 
S3 
In each of the following tables, values in italics indicate states which are not the lowest 
energy state found by MC sampling, but rather an S2 state specified by constraining the 
Mn oxidation states and allowing the rest of the system to respond to the set charge 
distribution. In Tables 11 – 24, bold values indicate differences of ≥ 0.05 charge from the 
lowest energy MC results listed in Tables 9 and 10. 
 
Standard MCCE simulation 	
Table 9 OEC in the S1 geometry 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.88 -0.96 -0.07 -0.96 -0.28 
D1-E65 -0.89 -0.92 -0.99 -0.92 -0.97 
D1-E329 -0.94 -0.79 -0.96 -0.92 -0.96 
D1-H337 +1.00 +1.00 +1.00 +0.15 0.00 
D2-E312 -0.11 -0.08 -0.04 -0.09 -0.04 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.96 0.00 -0.73 
W2 0.00 0.00 -0.04 0.00 -0.41 
Sum of listed residues -2.8 -3.8 -4.1 -4.7 -5.4 
Total protein protonation -36.3 -37.3 -37.8 -38.3 -39.0 
 
Table 10 OEC in the S3 geometry 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.99 -0.99 -0.66 -1.00 -0.65 
D1-E65 -0.94 -0.95 -0.96 -1.00 -0.97 
D1-E329 -0.92 -0.49 -0.80 -0.98 -0.96 
D1-H337 +1.00 +1.00 +1.00 +0.85 +0.16 
D2-E312 -0.06 -0.05 -0.14 -0.01 -0.08 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.78 0.00 -0.65 
W2 0.00 0.00 -0.02 0.00 -0.30 
Sum of listed residues -2.9 -3.5 -4.4 -4.1 -5.5 
Total protein protonation -38.2 -39.0 -39.9 -39.8 -40.9 
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ii. D1-H337+ 
 
Table 11 OEC in the S1 geometry with D1-H337+ 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.89 -0.96 -0.08 -1.00 -0.58 
D1-E65 -0.91 -0.92 -0.99 -0.95 -0.97 
D1-E329 -0.94 -0.79 -0.96 -1.00 -1.00 
D1-H337 +1.00 +1.00 +1.00 +1.00 +1.00 
D2-E312 -0.10 -0.08 -0.04 -0.09 -0.03 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.96 0.00 -0.51 
W2 0.00 0.00 -0.05 0.00 -0.90 
Sum of listed residues -2.8 -3.8 -4.1 -4.0 -5.0 
Total protein protonation -36.4 -37.3 -37.8 -37.8 -38.8 
 
Table 12 OEC in the S3 geometry with D1-H337+ 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.99 -1.00 -0.67 -1.00 -0.99 
D1-E65 -0.94 -0.95 -0.96 -0.97 -0.96 
D1-E329 -0.92 -0.50 -0.80 -1.00 -1.00 
D1-H337 +1.00 +1.00 +1.00 +1.00 +1.00 
D2-E312 -0.07 -0.06 -0.14 -0.04 -0.06 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.78 0.00 -0.60 
W2 0.00 0.00 -0.02 0.00 -0.40 
Sum of listed residues -2.9 -3.5 -4.4 -4.0 -5.0 
Total protein protonation -36.5 -37.3 -38.2 -38.0 -39.0 
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iii. pH dependence 
 
Table 13 OEC in the S1 geometry at various pH values in the S1 state 
Residue pH = 4 pH = 6 pH = 8 
D1-D61 -0.83 -0.96 -0.99 
D1-E65 -0.94 -0.92 -0.92 
D1-E329 -0.26 -0.79 -0.96 
D1-H337 +1.00 +1.00 +1.00 
D2-E312 -0.06 -0.08 -0.09 
O1 -2.00 -2.00 -2.00 
W1 0.00 0.00 0.00 
W2 0.00 0.00 0.00 
Sum of listed residues -3.1 -3.8 -4.0 
Total protein protonation -6.0 -37.3 -53.2 
 
Table 14 OEC in the S1 geometry at various pH values in the S2 state 
 S2:3444 S2:4443 
Residue pH = 4 pH = 6 pH = 8 pH = 4 pH = 6 pH = 8 
D1-D61 -0.02 -0.07 -0.48 -0.85 -0.96 -1.00 
D1-E65 -0.99 -0.99 -0.96 -0.94 -0.92 -0.91 
D1-E329 -0.79 -0.96 -0.97 -0.77 -0.92 -0.99 
D1-H337 +1.00 +1.00 +1.00 +0.49 +0.15 +0.02 
D2-E312 -0.02 -0.04 -0.22 -0.06 -0.09 -0.09 
O1 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 
W1 -0.98 -0.96 -0.78 0.00 0.00 0.00 
W2 -0.02 -0.04 -0.29 0.00 0.00 0.00 
Sum of listed residues -3.8 -4.1 -4.7 -4.1 -4.7 -5.0 
Total protein protonation -6.9 -37.8 -54.0 -7.0 -38.3 -54.2 
 
Table 15 OEC in the S1 geometry at various pH values in the S3 state 
Residue pH = 4 pH = 6 pH = 8 
D1-D61 -0.04 -0.28 -0.55 
D1-E65 -0.99 -0.97 -0.95 
D1-E329 -0.91 -0.96 -0.99 
D1-H337 +0.01 0.00 0.00 
D2-E312 -0.02 -0.04 -0.14 
O1 -2.00 -2.00 -2.00 
W1 -0.94 -0.73 -0.52 
W2 -0.09 -0.41 -0.88 
Sum of listed residues -5.0 -5.4 -6.0 
Total protein protonation -7.9 -39.0 -55.3 
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Table 16 OEC in the S3 geometry at various pH values in the S1 state 
Residue pH = 4 pH = 6 pH = 8 
D1-D61 -0.99 -0.99 -1.00 
D1-E65 -1.00 -0.95 -0.96 
D1-E329 -0.08 -0.49 -0.90 
D1-H337 +1.00 +1.00 +1.00 
D2-E312 0.00 -0.05 -0.07 
O1 -2.00 -2.00 -2.00 
W1 0.00 0.00 0.00 
W2 0.00 0.00 0.00 
Sum of listed residues -3.1 -3.5 -4.0 
Total protein protonation -6.3 -39.0 -53.3 
 
Table 17 OEC in the S3 geometry at various pH values in the S2 state 
 S2:3444 S2:4443 
Residue pH = 4 pH = 6 pH = 8 pH = 4 pH = 6 pH = 8 
D1-D61 -0.50 -0.66 -0.79 -1.00 -1.00 -1.00 
D1-E65 -0.98 -0.96 -0.96 -1.00 -1.00 -0.95 
D1-E329 -0.53 -0.80 -0.96 -0.98 -0.98 -0.99 
D1-H337 +1.00 +1.00 +1.00 +0.97 +0.85 +0.33 
D2-E312 -0.05 -0.14 -0.26 0.00 -0.01 -0.11 
O1 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 
W1 -0.67 -0.78 -0.94 0.00 0.00 0.00 
W2 -0.01 -0.02 -0.02 0.00 0.00 0.00 
Sum of listed residues -3.7 -4.4 -4.9 -4.0 -4.1 -4.7 
Total protein protonation -7.1 -39.9 -54.3 -7.3 -39.8 -54.1 
 
Table 18 OEC in the S3 geometry at various pH values in the S3 state 
Residue pH = 4 pH = 6 pH = 8 
D1-D61 -0.41 -0.65 -0.87 
D1-E65 -0.98 -0.97 -0.96 
D1-E329 -0.92 -0.96 -0.99 
D1-H337 +0.25 +0.16 +0.03 
D2-E312 -0.03 -0.08 -0.16 
O1 -2.00 -2.00 -2.00 
W1 -0.77 -0.65 -0.55 
W2 -0.15 -0.30 -0.45 
Sum of listed residues -5.0 -5.5 -6.0 
Total protein protonation -10.2 -40.9 -57.2 
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iv. Chloride dependence 
Table 19 OEC in the S1 geometry with no Cl1 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.98 -0.99 -0.87 -0.98 -0.67 
D1-E65 -0.93 -0.94 -0.96 -0.92 -0.96 
D1-E329 -0.99 -0.97 -0.96 -0.99 -0.99 
D1-H337 +1.00 +1.00 +1.00 0.00 0.00 
D2-E312 -0.08 -0.08 -0.09 -0.09 -0.11 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.22 0.00 -0.39 
W2 0.00 0.00 -0.92 0.00 -0.99 
Sum of listed residues -3.0 -4.0 -5.0 -5.0 -6.1 
Total protein protonation -37.5 -38.4 -39.5 -39.4 -40.5 
 
Table 20 OEC in the S1 geometry with no Cl2 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -1.00 -1.00 -0.38 -1.00 -0.54 
D1-E65 -0.93 -0.94 -0.97 -0.93 -0.96 
D1-E329 -1.00 -0.98 -0.97 -1.00 -1.00 
D1-H337 +1.00 +1.00 +0.55 0.00 0.00 
D2-E312 -0.07 -0.06 -0.06 -0.07 -0.05 
O1 -1.00 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.89 0.00 -0.55 
W2 0.00 0.00 -0.13 0.00 -0.85 
Sum of listed residues -3.0 -4.0 -4.9 -5.0 -6.0 
Total protein protonation -37.5 -38.5 -39.3 -39.4 -40.4 
 
Table 21 OEC in the S1 geometry with no Cl1 or Cl2 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -1.00 -1.00 -0.85 -1.00 -0.72 
D1-E65 -0.94 -0.94 -0.95 -0.92 -0.93 
D1-E329 -0.99 -0.98 -0.95 -1.00 -1.00 
D1-H337 +1.00 +0.83 +0.37 0.00 0.00 
D2-E312 -0.15 -0.15 -0.12 -0.14 -0.18 
O1 -1.02 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.38 0.00 -0.87 
W2 0.00 0.00 -0.92 0.00 -1.00 
Sum of listed residues -3.1 -4.2 -5.8 -5.1 -6.7 
Total protein protonation -38.1 -39.2 -40.3 -40.1 -41.3 
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Table 22 OEC in the S3 geometry with no Cl1 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -0.99 -1.00 -0.93 -0.99 -0.95 
D1-E65 -0.96 -0.97 -0.96 -0.96 -0.97 
D1-E329 -0.98 -0.84 -0.94 -0.98 -0.99 
D1-H337 +1.00 +1.00 +1.00 +0.33 +0.01 
D2-E312 -0.30 -0.36 -0.30 -0.21 -0.20 
O1 -1.01 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.87 0.00 -0.23 
W2 0.00 0.00 -0.12 0.00 -0.79 
Sum of listed residues -3.2 -4.2 -5.1 -4.8 -6.1 
Total protein protonation -39.5 -40.5 -41.4 -41.4 -42.4 
 
Table 23 OEC in the S3 geometry with no Cl2 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -1.00 -1.00 -0.95 -1.00 -0.96 
D1-E65 -0.96 -0.96 -0.97 -0.96 -0.96 
D1-E329 -0.98 -0.98 -0.98 -1.00 -1.00 
D1-H337 +1.00 +1.00 +0.99 0.00 0.00 
D2-E312 -0.05 -0.05 -0.07 -0.05 -0.06 
O1 -1.02 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.97 0.00 -0.67 
W2 0.00 0.00 -0.01 0.00 -0.33 
Sum of listed residues -3.0 -4.0 -5.0 -5.0 -6.0 
Total protein protonation -39.3 -40.2 -41.2 -41.2 -42.3 
 
Table 24 OEC in the S3 geometry with no Cl1 or Cl2 
Residue S0 S1 S2:3444 S2:4443 S3 
D1-D61 -1.00 -1.00 -0.99 -1.00 -0.96 
D1-E65 -0.99 -0.99 -0.99 -0.98 -0.98 
D1-E329 -0.96 -0.98 -0.98 -1.00 -1.00 
D1-H337 +1.00 +0.99 +0.96 0.00 0.00 
D2-E312 -0.44 -0.47 -0.60 -0.28 -0.45 
O1 -1.05 -2.00 -2.00 -2.00 -2.00 
W1 0.00 0.00 -0.93 0.00 -0.40 
W2 0.00 0.00 -0.07 0.00 -0.71 
Sum of listed residues -3.4 -4.5 -5.6 -5.3 -6.5 
Total protein protonation -40.2 -41.2 -42.2 -42.2 -43.1 
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	Using	multiple	QM/MM	structures	to	obtain	reliable	redox	
potentials	transition	in	Kok	cycle	
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Intro  	The	work	reported	in	chapter	2	considered	only	two	structures,	optimized	in	the	S1	and	S3	states.		In	addition,	the	S3	structure	had	a	redox	state	of	4444	but	did	not	include	any	additional	ligand	waters	incorporated	into	the	structure.	This	chapter	extends	the	previous	study	to	cover	all	structures	though	the	Kok	cycle.		To	obtain	redox	potentials	from	structures	which	can	give	very	different	redox	potentials	for	same	state	LRA	method	have	been	applied.		
Based on earlier results choices were made about to improve the model. First of all, 
instead of using multiconformer default procedure, the isosteric quick run have been 
performed because the method of obtaining electrostatic energy considered in chapter 2 
generated unacceptable differences the electrostatic energies in calculations with different 
conformers defined as the input positions (MCCE runs use this initial conformer to 
generate correction terms applied to all other calculations). Secondly for structures in S1 
and higher redox states, in which we don’t expect u oxo bridges to be protonated 
removing the µ-oxo proton improves the shape of the multiconformer boundary. Finally, 
all water residues are retained within the 15 Å QM/MM input sphere. 
Another current problem which is to be resolved is that Em0 values was obtained without 
using LRA method so that obtained redox potential values presented here are 
systematically lower than found in the earlier calculations or experimentally. 	
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In	this	chapter,	we	use	the	of	the	Linear	Response	Approximation	(LRA)	free	energy	formula	derived	from	Marcus	theory	for	biomolecular	systems.		This	is	generally	applied	for	use	in	evaluating	molecular	dynamics	simulations	[1].			We	consider	functions	of	free	energy	of	reactant	(a)	and	product	(b)	assuming	LRA	each	can	be	described	as	a	harmonic	potential	with	the	same	spring	constant.	According	to	Marcus	theory	in	each	state	you	can	represent	free	energy	as	quadratic	functions	of	equal	curvature	of	reaction	coordinate.		
	
Figure 11 Parabolas of reaction coordinates of reactants and products for LRA 
derivation. Supposing	LRA	holds	solvent	reorganization	energies	are	given	by:	𝜆< = 𝑈< − 𝑈U < − ∆𝐺U→< 
 𝜆U = 𝑈U − 𝑈< U + ∆𝐺U→< 
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Assuming parabolas curvature are the same 𝜆U = 	𝜆< we can subtract by sides:  
 𝑈U − 𝑈< < − ∆𝐺U→< = 𝑈U − 𝑈< U + ∆𝐺U→< 
 
This gives us expression for free energy LRA approximation: 
 ∆𝐺U→< = 12 [ 𝑈U − 𝑈< U + 𝑈U − 𝑈< <] 
Methods 
 
All calculations are done using isosteric methodology with C, O and N sidechain 
positions fixed in QM/MM or pdb structure position. Extra protonation states and 
hydroxyl proton positions are generated for D,E,R,K,H and Y residues, excluding direct 
ligands to OEC.  The ligands are kept in the protonation states consistent with QM/MM 
models. PARSE  [2] charges are used for amino acids other nonamino acid residues 
including chloride and calcium ions use standard MCCE topology files. For water 
molecules additional proton positions are generated in MCCE and added to QM/MM 
hydrogen positions providing additional degrees of freedom.  Each water has about 20 
conformers.  All waters can also loose a proton to become hydroxyls. Mn atoms are 
represented by two conformers with +3 and +4 oxidation states, the solution redox 
potential, Em0 is fixed at 1700 mV, a value that reproduced the redox chemistry of Mn 
dimers [3]. It should be noted that that method used a single geometry for the dimers 
rather than the LRA approach used here so this reference is under reconsideration.  In 
most of structures used here the µ-oxo oxygens are represented by charges of -2 with 
radius 1.520 A. The S0 structure has O5 protonated in the input QM/MM model.  In 
MCCE O5 has two conformers: one with a charge -2 and radius of 1.52 Å; and one with a 
hydrogen and oxygen atom separated by 1Å with charges of -1.4 an 0.4,  and radii of 
1.520Å and 1Å. The pK0 is estimated from the di-Mn model systems and its value is 
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17.8. All water molecules within the QM/MM model protein sphere are retained and 
represented explicitly. [4] 
 
To estimate the electrostatic interactions the DelPhi PBE solver is used [5]. Value of a 
dielectric constant of 80 for water and 4 for protein is used. Calculations are performed 
with a final resolution of 2 girds per Å and 1293 grid points for each DelPhi run. The salt 
concentration was set to 0.15M, ion radius equal to 2.0 and radius of the water probe 1.4 
Å. To minimize inconsistencies coming from electrostatic boundary correction we have 
found it is important to limit the number of conformers.  Thus, isosteric conformers with 
redundant u-oxo conformers removed provided more consistent values for electrostatic 
interactions.   There are approximately 1500 conformers for the calculations on the 15Å 
sphere around the OEC. 
 
The electrochemical potential for the OEC redox reactions were obtained by modifying 
the Eh. For each point in the Eh titration, 12 independent Monte Carlo sampling runs are 
performed to ensure better sampling. Each Mote Carlo run consists of approximately 
1000000 equilibration 3000000 annealing and 150000000 production steps number can 
vary depending on convergence, which are averaged to determine the Boltzmann 
weighted occupancy of each conformer. The outcome of the calculations was carried out 
with the ionization of several residues being free or fixed in a particular protonation state 
to assess the constancy of the results and to compare the outcome with experimental 
predications. For example, runs have been performed with H337 free or with H3337 
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fixed to be protonated. Ligand water and calcium and chloride are not allowed to leave 
the protein so that they are present in each MC microstate.  
 
Figure 12 Workflow required to perform MCCE calculations starting from QM/MM 
Gaussian structure 
Results 
 
Obtained redox states 
 
Calculations have been performed on S1, S2 g=2.0, S2 g=4.1, S3 open structures [6-8].  
The goals are to determine the equilibrium protonation distribution in each optimized S 
stated in the protein.  In addition, the electrochemical midpoint potential was estimated 
using the LRA approach.  Here, for each structure, the midpoint redox potential is been 
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determined in the S state preceding and succeeding the one in which given structure was 
optimized.  
The results presented here are for the QM/MM optimized spheres. QM/MM waters in the 
sphere are retained and treated with MCCE degrees of freedom. All other waters are 
deleted from the protein input structure, and the cavities filled with ε=80 as is routine for 
CE calculations.  The default pH is 6.0. In all runs histidine H337 have been fixed 
protonated because this residue is not connected to any major channel within the protein. 
In a free calculation, His 337 will be protonated in S2 g= 4.1 and S3 states and gets 
deprotonated in S2 g=2.0 and S1 However, as its pKa is near the pH of calculation the 
results can also be sensitive to small changes in conditions.  
 
S0 has 3 Mn3+ and one Mn4+ so nominally has 4 possible positions for the hole.  Each step 
through the Kok cycle removes an electron.  The QM/MM optimization to produce the 
structure use DFT method which considers physical effects like spin or Jahn-Teller 
Distortion while the MCCE analysis is dominated by the electrostatic interactions.  The 
first question is what is the electrostatic lowest energy distribution of Mn oxidation state 
in each optimized OEC S-state structure.  Table 1 shows that the favored MCCE 
oxidation states for the optimized structure itself (Si) as well as for Si±1.   The MCCE 
calculated states for Si are always consistent with the initial QM/MM states (Table 25). . 
S2 g=2.0 and S2 g=4.1 optimized spheres recover the S2 state corresponding to the in state 
which it was optimized (3444) and (4443) as well as right S1 state (3443). S3 open 
structure gives a mixture of (4434/4443) state as state preceding its oxidation. The 
equilibrium hole distribution was also evaluated for states Si±1.  In all cases but one the S 
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states recover the consensus charge distribution for the neighboring redox states, 
indicating that the underlying electrostatic energy dominates the redox distribution even 
when this is not imposed in the input calculations. As found previously [9] the exception 
is that the S1 optimized structure yields an S0 state with Mn3 not Mn2 oxidized. This 
indicates the structural arrangement moving from S0 to S1 has a meaningful impact on the 
ranking of low energy states.     
 
Structure used Redox state in S0 Redox state in S1 Redox state in S2 
S0 3433 3443 - 
S1 3343 3443 3444 
S2 g=4.1 - 3443 4443 
S2 g=2.0 - 3443 3444 
S3 open - - 4434/4443 
Table 25 Redox states calculated for different geometries. 
 
 
Analysis of redox potentials and deprotonation sites 
 
Figure 13 and 14 shows midpoint redox potentials (Em) of transitions in each structure 
and main deprotonation sites. To obtain some transitions fixing redox state of certain Mn 
center is required so that unfavorable transition occur i.e. S1 structure gives 3444 as S2 
structure so to obtain value for 3443 to 4443 transition one need to fix Mn1 oxidation 
state to 4.  
 
 
Redox transition Em explicit water, mV 
S0 structure 
S0(3433)->S1(3443) 300 
S1 structure 
S0(3433)->S1(3443) -400 
S1(3443)->S2(3444) 900 
S1(3443)->S2(4443) 1450 
S2 g=2.0 structure 
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S1(3443)->S2(3444) 300 
S2(3444)->S3(4444) 1500 
S2 g=4.1 structure 
S1(3443)->S2(4443) 300 
S2(4443)->S3(4444) 1000 
S3 open structure 
S2(4443)->S3(4444) -100 
S2(3444)->S3(4444) 0 
Table 26 MCCE calculated relative Ems in 6 optimized OEC structures. 
 
 
Figure 13 Relative redox potentials and main sites of deprotonation for S2 4.1 branch, 
Upper index indicate structure lower index the redox state 
 
Figure 14 Relative redox potentials and main sites of deprotonation for S2 2.0 branch 
upper index indicate structure lower state 
LRA redox potentials 
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The true redox potential would include the energy to transform the structure of Si to that 
of Si+1.  However, in the absence of this information, the LRA approximation recognizes 
that for any transition the reduced state is more stable in the reduced structure and will 
provide a higher potential for the Si to Si+1 transition.  While, the oxidized state will be 
more stable in the oxidized structure giving a lower potential for the Si-1 to Si transition. 
The LRA approximation uses the average of these two values calculated in the different 
structures to provide a better estimate of the Em. In the S0 to S1 titration the S0 state is 
constrained to be 3433.   
 
Figure 15 summarize redox potentials obtained with the LRA method. As expected, the 
Ems obtained with the oxidized structure have lower values than those found with the 
reduced structures.  The difference between the values obtained in the reactant and 
product states can show the importance of the relaxation in each redox state.  The values 
obtained in different structures can differ by more than 1500 mV. As one can see on table 
26  difference between S0 to S1 transition obtained in S0 and S1 structure Em=700mV in 
case to S1 to S2 transitions difference is high for S2 g=4.1 and Em=1150 and smaller for 
S2 g=2.0  
 
One question is which S2 isomer will be favored to be formed from S1 and which will 
progress to S3.  The S1 to S2 transition has a lower Em in the S2 g=2.0 geometry whereas 
S2 to S3 transition is easier in the S2 g=4.1 optimized structure. Figure 16 shows 
thermodynamic box build used to build the LRA values. Figure 15 shows LRA redox 
potentials and input values used to calculate them. The difference in energy going from 
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S1 to S3 via the S2 g=2.0 branch and S2 g=4.1 branch is 50 mV which is smaller than 
estimated error for redox potential calculation in MCCE of ≈100 mV [10].  
 
 
Figure 15 LRA values for the relative redox potentials for S2 g=2.0 and S2 g=4.1 branch.  
Blue points show \the same transition occurring in structure Si to Si to Si+1 (higher 
oxidation potential) and lower point Si-1 to Si (Lower midpoint potential).  The orange 
point is LRA average value. 
 
 
Figure 16 Thermodynamic box built using averaged redox potentials  
 
Total proton loss 
 
Total proton loss has been calculated based on the protonation states of residues in the 
optimized state for each structure at different pH 5,6 and 7. Initially measured proton 
release was 1,0,1,2 [11], Eberhard Schlodder found out proton release to be 
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1.0:0.0:1.0:2.0 at pH 7 and 7.2, 1.0:0.2:1.0:1.8 at pH 6.0, and 1.0:0.8:1.0:1.2 at pH 5.5 
[12], Suzuki 0.8−1.0:0.2−0.3:0.9−1.2:1.5−1.6 [13]. 
 
 Figure	7		Comparison	of	experimental	proton	release	patterns-	dark	blue	Rappaport	[11],	till	Suzuki	[13],	orange- Schlodder pH 5.5, gray- Schlodder  pH 6, yellow- 
Schlodder   pH 7 [12]. 
 
 S2 g=2.0 S2 g=4.1 
pH 5 0.5, 0.8, 0.8, X=2 0.5, 0.6, 1.0, X=2 
pH 6 0.9, 0.9, 0.2, X=2 0.9, 0.1, 1.0, X=2 
pH 7 1.0, 1.0, 0.8, X=2 1.0, 0.0, 1.1, X=2 
Table 27 pH dependence of proton release for S2 g=2.0 and S2 g=4.1 
Effect of oxidation of tyrosine Z 
 
To understand role of Tyr Z calculations have been performed with H190 fixed to 
protonated form which is direct effect of Yz oxidation. Without causing any proton to 
release positive charge should increase value oxidation potential. It has been 
0
0.5
1
1.5
2
2.5
1 2 3 4S0	to	S1 S1	to	S2 S2	to	S3 S3	to	S0
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hypothesized that positive charge of H190 might remove protons which would be 
released in formation of certain S state lowering the barrier for the oxidation [14]. 
Negative value of Em shift for certain transition would mean that positive charge on 
H190 made transition easier to occur. As one can see on the table 28 negative value 
occurs only for S1 to S2 transition both in S1 and S2 g=2.0 structure.  
 
Transition DEm  
(S0) S0->S1 0 
(S1) S0->S1 200 
(S1) S1->S2 g=2.0 -100 
(S2 g=2.0) S1->S2 g=2.0 -100 
(S1) S1->S2 g=4.1 100 
(S2 g=4.1) S1->S2 g=4.1 100 
(S2 g=2.0) S2 g=2.0->S3 100 
(S3 open) S2 g=2.0->S3 100 
(S2 g=4.1) S2 g=4.1->S3  0 
(S3 open) S2 g=4.1->S3 0 
Table 28 Redox potential changes upon oxidation of Yz 
Sphere runs with no proton release 
 
One interesting question is what is the influence of proton loss on the Em for the S state 
transitions.  These calculations may be closer to what occurs at to low temperature 
conditions where protons cannot be lost. Calculations have been performed with all 
possible deprotonation sites fixed in state from the beginning of the titration. For 
simplicity, these set of calculations have been performed with explicit ligand waters only 
and all other QM/MM waters removed. Values of redox potential without coupled 
deprotonation can be seen in table 28. As one can see lack of proton release can increase 
redox potential value as much as 800mV. 
 
Redox transition Relative Em (mV) free 
protonation 
Relative Em (mV) fixed 
protonation  
DEm, mV 
S0 structure 
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S0(3433)->S1(3443) 500 700 200 
S1 structure 
S0(3433)->S1(3443) -800 -900 -100 
S1(3443)->S2(3444) 600 1100 500 
S1(3443)->S2(4443) 1300 1500 200 
S2 g=2.0 structure 
S1(3443)->S2(3444) 0 400 400 
S2(3444)->S3(4444) 1400 1900 500 
S2 g=4.1 structure 
S1(3443)->S2(4443) 150 300 150 
S2(4443)->S3(4444) 700 1500 800 
S3 open structure 
S2(4443)->S3(4444) -100 100 200 
S2(3444)->S3(4444) -100 0 100 
Table 29 Midpoint redox potential without deprotonation 
Discussion 
 
MCCE was applied to the OEC optimized by QM/MM in 6 different states (S0, S1, 2 S2 
isomers and  S3 state).  The first conclusion is that the MCCE electrostatic calculations 
finds the same lowest energy Mn oxidation distribution as found in the QM/MM analysis 
as shown in table 25. Moreover, the unbiased MCCE titrations recognize the similarities 
between different states.  For example, the free titration to S2 in the S1 structure gives the 
S2 g=2.0 state.  Indicating that S1 is more is more similar to the S2 g=2.0 than S2 g=4.1 
state. Likewise reducing the S3 closed structure to S2 gives the 4443 state g=4.1 which 
shows that it might be the isomer which requires less rearrangement to advance to the S3 
state.  In addition, while the exact Em values are a function of different conditions (fixed 
protonation, explicit waters, different states of H337 and H190) the order of oxidation of 
different Mn centers stays the same. 
Structural differences between used geometries 
 
Analysis of differences between structures gives key insights into how these changes may 
affect the equilbrium protonation and the redox midpoint potentials. Figure 7 shows the 
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structural differences between the QM/MM optimized S0 and S1, S2 g=4.1 and S2 g=2.0 
and S3 open and S2 g=4.1 structures.  
The main difference between S0 and S1 is deprotonation of O5 and the movement of O5 
towards Mn4 and Mn3. Based on this difference we can justify why the S1 structure 
relaxes to the ‘wrong’ obtained S0 state (3343) as movement of negative charge of O5 
towards Mn3 in the S1 state lowers the energy for oxidation of Mn3 rather than Mn2 
which stays in same position in S0 and S1 structures.  
The main difference between the S2 g=2.0 and S2 g=4.1 structures is the position of O5 
relative to Mn1 and Mn4. In the case of the S2 g=2.0 structure O5 is closer to Mn4 
favoring oxidation of this redox site first giving the 3444 S2 state.  In the case of the S2 
g=4.1 structure, O5 moves towards Mn1 and the 4443 state is obtained.  
Difference between S2 g=4.1 and S3 open comes from another water bonded to Mn1 and 
Ca2+, O5 is pushed closer Mn4 and Mn3 distorting structure to the state where it doesn’t 
have simple S2 state.  
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 Figure	17	Comparison	between	(a)	S0	red	and	S1	blue,	(b)	S2	g=2.0	violet	and	S2	g=4.1	green,	(c)	S2	g=4.1	till	and	S3	open	bronze.	
 
Calculated relative midpoint redox potentials 
 
The OEC must loose 4 electrons going from S0 to S3, being oxidized by the same TyrZ.  
This requires that the Em for each S state transition be close together.  If the potential 
.Although there is no direct experimental information about each S state Em the 
acceptable values can be limited given the Em of tyrosine Z of 1200mV. The earlier 
calculations the potentials calculated with single structure has huge gaps between 
consecutive oxidations for example difference between S1 to S2 and S2 to S3 transition is 
1200mV and 700 mV for S2 g=2.0 and S2 g=4.1 correspondingly. The values calculated 
with LRA averaging show significant redox leveling with all Ems falling in a range of 900 
mV. In general, obtained redox potentials are lower than expected from theoretical 
consideration which can be attributed to obtained value of Em0 which would be 
reevaluated using LRA method. 
Another interesting conclusion comes from comparison of relative oxidation potentials 
obtained in structures optimize in the two spin isomers of S2. Calculated values for the 
S1->S2 transition shows that this step of Kok cycle is easier for S2 g=2.0 structure. In fact, 
S2 g=2.0 (3444) state is naturally chosen in MCCE sampling in the S1 structure. In case 
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of S2->S3 transition S2 g=4.1 isomer has a lower midpoint potential for the advance into 
the S3 state. These observation goes along with hypothesis of S2 g=2.0 being a storage 
state for which can transform into S2 g=4.1 the state which advance further in Kok cycle. 
 
Identified sites of deprotonation and total proton loss 
 
The MCCE calculations keep the protonation states of all residues in equilibrium with the 
redox state of the OEC.  A number of possible active deprotonation sites are identified 
around the OEC which are coupled to oxidation of specific Mn, which include W2 upon 
oxidation of Mn4, E329 for oxidation of Mn1, O5 on oxidation of Mn3. Another groups 
which are seen to lose proton in our calculations are H337 and E65. Total proton loss 
over three considered steps (S0 to S3) always add up to 2 protons for 3 electrons released. 
The proton release pattern for S2 g=4.1 matches the experimental integer (1,0,1,2) proton 
release scheme[11], In contrast, the S2 g=2.0 state losses proton in S1 to S2 step but 
doesn’t lose proton in S2 to S3 transition. These facts might suggest that total proton loss 
which now is believed to follow noniteger scheme [13] [12] can be caused by coexistence 
of two isomers in ensemble of the experiment. As one can see at low pH proton release 
for both spin isomers is more uniform over each step of Kok cycle.  
Protonation of all residues match very well with one imposed in QM/MM especially for 
states in their native geometry. D61 is deprotonated in most structures and protonated in 
both S3 structures.  This supports an important role in S2 to S3 and S3 to S0 transition. 
However, in contrast to earlier studies no transfer of a proton from W1 to D61 is seen in 
the S2 g=2.0 state. 
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The calculated results find agreement with FTIR and kinetics studies performed by Debus 
and coworkers, which show the importance of D61 and E329.  Mutation D61A and 
E329Q are found to alter the hydrogen bond network around OEC.  They also change the 
stoichiometry of proton release reducing the number of protons released in the S3 to S0 
transition [15].  
Role of tyrosine Z oxidation 
 
H190 which gets protonated during Tyrosine Z oxidation have been proposed as possible 
electrostatic promoter of deprotonation which helps OEC cluster to advance to next S state 
[14]. From obtained results we can see that redox potentials of transition leading from S1 
to S2 g=2.0 is lowered by 100mV, further stabilizing the S1 to S2 2.0 transition relative to 
S1 to S2 g=4.1. 
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Appendix B: Choice of most appropriate model for 
calculations 	
Different models used in calculations  
 
The calculations are reported for 6 structures using a single set of conditions.  Before 
choosing the final model for the calculations a number of models have been considered.  
These include the isolated 15 Å QM/MM spheres rather than the whole protein.  
Calculations were compared with ligand water only (W1-W4) and all water positions 
obtained from QM/MM. This appendix summarize comparison between explicit an 
implicit sphere runs. 
Limiting number of conformations 	To	calculate electrostatics in MCCE for certain conformer two separate Poisson 
Boltzmann Equation calculations needs to be performed multiconformer in which 
dielectric surface is drawn around all existing conformers and single conformer one 
which draws dielectric surface around chosen conformer and all first conformers of other 
residues. The final electrostatic energy is given by: 
∆𝐺()*.0 = 𝑚𝑖𝑛 ∆𝐺()*./ ∆𝐺()*+,- ∆𝐺()*+/ , ∆𝐺*.()/ ∆𝐺*+(),- ∆𝐺*+()/   
In environment with high charges and complicated dielectric surface it might introduce 
errors for electrostatic energy terms of the order of 5% of calculated value. In order to 
resolve this problem calculations have been performed in isostheric methodology where 
no extra rotamers are generated for amino acids therefore reducing the difference 
between multiconformer and single conformer boundary. 
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Role of explicit water 	Calculation	with	≈80	explicit	waters	retained	near	the	OEC	show	results	that	better	match	other	theoretical	predictions	and	experimental	data.	First	the	explicit	water	runs	yield	a	neutral	state	of	H190.		In	contrast,	the	implicit	model	finds	some	cases	where	the	H190	pKa	is	too	close	to	the	pH	so	is	either	always	in	protonated	form	or	undergoes	deprotonation	during	Kok	cycle.		Implicit	water	calculations	yield	a	low	pKa	of	W2	in	the	S0	structure	which	favors	a	deprotonated	W2	in	the	low	S	states	in	this	structure,	reducing	the	proton	loss	in	the	S0	to	S1	step.	Explicit	water	runs	have	also	gives	thermodynamic	square	which	has	only	a	50	mV	error	in	closing	the	free	energy	square	(Fig	17).		Lastly,	the	explicit	water	calculations	provide	a	more	positive	value	of	LRA	calculated	midpoint	redox	potentials.				
Summary all obtained results 	
Comparison of redox transitions  
 
Redox transition Em implicit water, 
mV 
Em with explicit water, 
mV 
DEm 
S0 structure 
S0(3433)->S1(3443) 500 300 -200 
S1 structure 
S0(3433)->S1(3443) -800 -400 400 
S1(3443)->S2(3444) 600 900 300 
S1(3443)->S2(4443) 1300 1400 100 
S2 2.0 structure 
S1(3443)->S2(3444) 0 300 300 
S2(3444)->S3(4444) 1400 1500 100 
S2 4.1 structure 
S1(3443)->S2(4443) 150 300 150 
S2(4443)->S3(4444) 700 1000 300 
S3 open structure 
S2(4443)->S3(4444) -100 -100 0 
S2(3444)->S3(4444) -100 0 100 
Table 30 Comparison of redox transitions between explicit and implicit water 
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LRA averages of redox potentials  
 
 
S2 g=2.0 
Redox state LRA Em implicit water, mV LRA Em explicit water, mV 
S0(3433)->S1(3443) -150 -50 
S1(3443)->S2(3444) 300 600 
S2(3444)->S3(4444) 700  725 
 
S2 g=4.1 
Redox state LRA Em implicit water, mV LRA Em explicit water, mV 
S0(3433)->S1(3443) -150 -50 
S1(3443)->S2(4443) 800  875 
S2(4443)->S3(4444) 300 500 
 
Table 31 LRA averages of S state transitions 
 
Figure 18 Thermodynamic box built using averaged redox potentials  
 
Proton loss in S state transitions for implicit water 
 
 
S0->S1 
Structure Protonation changes Total proton loss 
S0 DHO5=-1 DH=-1 
S1  DHE329=-0.2 DH=-0.3 
 
S1-> S2 g=2.0 
Structure Protonation changes Total proton loss 
S1 DHW2=-1 DH=-1 
S2 g=2.0 DHW2=-1 DH=-1 
 
S2 g=2.0->S3 His337+ (H337 free) 
Structure Protonation changes Total proton loss 
S2 g=2.0 DHE329=-0.22 (DHE329=-0.67) 
DHE65=0.14    (DHE65=-0.27 )  
DH=-1.1 (DH=-0.9) 
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DHH337=-1.0 
S3 open DHE329=-0.37, DHW1=-0.35 DH=-0.9 
 
S1-> S2 g=4.1 
Structure Protonation changes Total proton loss 
S1 DHH337=-1.0   (DHE329=-0.65) 
DHE329=-0.34 (DHE65=-0.11)  
                       (DHW2=-0.12) 
DH=-1.3 (DH=-0.9) 
S2 g=4.1 DHE329=0.18 
DHE65=-0.19 
DHW2=-0.95 
DH=-0.9 
 
S2 g=4.1->S3  
Structure Protonation changes Total proton loss 
S2 g=4.1 DHE329=-0.23 
DHE65=-0.61 
 
DH=-0.9 
S3 open DHW1=-0.35, DHWx=-1, 
DHE65=-0.55, DHD61=0.8, 
DHE329=-0.1 
 
 
DH=-1.2 
Table 32 Deprotonation occurring during every state and every structure for implicit 
water 
Total proton loss comparison 
 
 Proton loss with H337 free 
No extra water S2 g=2.0 0.3,1.3,0.6,X 
No extra water S2 g=4.1 0.3,1.0,0.9,X 
Extra water S2 g=2.0 0.9,0.9,0.3,X 
Extra water S2 g=4.1 0.9,0.1,1.1,X 
Table 33 Comparison of total proton loss between S2 g=4.1 and S2 g=2.0 
 
Effect of oxidation of tyrosine Z 
 
Transition DEm  DEm explicit waters 
(S0) S0->S1 0 0 
(S1) S0->S1 +100 200 
(S1) S1->S2 g=2.0 +50 -100 
(S2 g=2.0) S1->S2 g=2.0 -100 -100 
(S1) S1->S2 g=4.1 +50 100 
(S2 g=4.1) S1->S2 g=4.1 +50 100 
(S2 g=2.0) S2 g=2.0->S3 +50 100 
(S3 open) S2 g=2.0->S3 0 100 
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(S2 g=4.1) S2 g=4.1->S3  +100 0 
(S3 open) S2 g=4.1->S3 +100 0 
Table 34 Compariosn of effect of Tyrosine Z oxidation on system with implicit and 
explicit water 
 
Bibliography 
 1.	 Sham,	Y.Y.,	et	al.,	Examining	methods	for	calculations	of	binding	
free	energies:	LRA,	LIE,	PDLD-LRA,	and	PDLD/S-LRA	calculations	of	
ligands	binding	to	an	HIV	protease.	Proteins:	Structure,	Function,	and	Bioinformatics,	2000.	39(4):	p.	393-407.	2.	 Sitkoff,	D.,	K.A.	Sharp,	and	B.	Honig,	Accurate	Calculation	of	
Hydration	Free	Energies	Using	Macroscopic	Solvent	Models.	The	Journal	of	Physical	Chemistry,	1994.	98(7):	p.	1978-1988.	3.	 Amin,	M.,	et	al.,	Electrostatic	Effects	on	Proton	Coupled	Electron	
Transfer	in	Oxomanganese	Complexes	Inspired	by	the	Oxygen-
Evolving	Complex	of	Photosystem	II.	The	Journal	of	Physical	Chemistry	B,	2013.	117(20):	p.	6217-6226.	4.	 Song,	Y.,	J.	Mao,	and	M.R.	Gunner,	MCCE2:	Improving	Protein	pK(a)	
Calculations	with	Extensive	Side	Chain	Rotamer	Sampling.	J	Comput	Chem,	2009.	30(14):	p.	2231-47.	5.	 Li,	L.,	et	al.,	DelPhi:	a	comprehensive	suite	for	DelPhi	software	and	
associated	resources.	BMC	Biophys,	2012.	5:	p.	9.	6.	 Pal,	R.,	et	al.,	S0-State	Model	of	the	Oxygen-Evolving	Complex	of	
Photosystem	II.	Biochemistry,	2013.	52(44):	p.	7703-7706.	7.	 Askerka,	M.,	et	al.,	S3	State	of	the	O2-Evolving	Complex	of	
Photosystem	II:	Insights	from	QM/MM,	EXAFS,	and	Femtosecond	X-
ray	Diffraction.	Biochemistry,	2016.	55(7):	p.	981-984.	8.	 Askerka,	M.,	et	al.,	Structural	Changes	in	the	Oxygen-Evolving	
Complex	of	Photosystem	II	Induced	by	the	S1	to	S2	Transition:	A	
Combined	XRD	and	QM/MM	Study.	Biochemistry,	2014.	53(44):	p.	6860-6862.	9.	 Amin,	M.,	et	al.,	Proton-Coupled	Electron	Transfer	During	the	S-
State	Transitions	of	the	Oxygen-Evolving	Complex	of	Photosystem	II.	The	Journal	of	Physical	Chemistry	B,	2015.	
		 116	
10.	 Zheng,	Z.	and	M.R.	Gunner,	Analysis	of	the	electrochemistry	of	
hemes	with	E(m)s	spanning	800	mV.	Proteins,	2009.	75(3):	p.	719-34.	11.	 Rappaport,	F.	and	J.	Lavergne,	Proton	release	during	successive	
oxidation	steps	of	the	photosynthetic	water	oxidation	process:	
stoichiometries	and	pH	dependence.	Biochemistry,	1991.	30(41):	p.	10004-10012.	12.	 Schlodder,	E.	and	H.T.	Witt,	Stoichiometry	of	Proton	Release	from	
the	Catalytic	Center	in	Photosynthetic	Water	Oxidation:	
REEXAMINATION	BY	A	GLASS	ELECTRODE	STUDY	AT	pH	5.5–7.2.	Journal	of	Biological	Chemistry,	1999.	274(43):	p.	30387-30392.	13.	 Suzuki,	H.,	M.	Sugiura,	and	T.	Noguchi,	Monitoring	Proton	Release	
during	Photosynthetic	Water	Oxidation	in	Photosystem	II	by	Means	
of	Isotope-Edited	Infrared	Spectroscopy.	Journal	of	the	American	Chemical	Society,	2009.	131(22):	p.	7849-7857.	14.	 Ahlbrink,	R.,	et	al.,	Function	of	tyrosine	Z	in	water	oxidation	by	
photosystem	II:	electrostatical	promotor	instead	of	hydrogen	
abstractor.	Biochemistry,	1998.	37(4):	p.	1131-42.	15.	 Debus,	R.J.,	FTIR	studies	of	metal	ligands,	networks	of	hydrogen	
bonds,	and	water	molecules	near	the	active	site	Mn4CaO5	cluster	in	
Photosystem	II.	Biochimica	et	Biophysica	Acta	(BBA)	-	Bioenergetics,	2015.	1847(1):	p.	19-34.	16.					Vinyard,	D.J.,	et	al.,	Ammonia	Binding	in	the	Second	Coordination	Sphere	of	the	Oxygen-Evolving	Complex	of	Photosystem	II	Biochemistry,	2016	.	55(31):	p.	4432-4436.	
 
 
